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Abstract
Abstract
This thesis describes GARField magnetic resonance profiling experiments which 
explore skin hydration and the ingi*ess of small molecules into the skin both in vitro 
and in vivo. Previous magnetic resonance imaging (MRI) studies of human skin have 
been severely restricted by the spatial resolution achievable on a clinical scanner as 
well as by the lower limit of accessible spin-spin relaxation times, T2 . Oui* approach to 
overcome these limitations is to use a permanent MRI magnet, GARField, specially 
designed to obtain depth profiles of thin planar samples (about 100 - 800 pm thick) 
with a pixel resolution of the order of 10 pm, and with access to T% times as short as a 
few 100 ps.
In vitro human skin samples were obtained following abdominal surgery. The 
epideimis was removed fiom the dermis using the heat separation method and the 
samples hydrated by floatation in water.
Shown in this thesis are results from in vitro experiments investigating the effect of 
different relative humidity environments on the skin samples. Observation of the 
different hydrogen mobility (arising from various water types) within the skin can 
also be attained using the GARField insti*umentation. This is achieved by changing 
key NMR pulse sequence acquisition parameters.
In addition, the consequence of the application of three main ingredients fi'equently 
used in care products, to the stratum corneum was investigated. The ingredients 
studied in the experiments were: mineral oil; Glycerine (and deuterated-glycerine); 
squalane; and decanol (& deuterated decanol). These ingredients were added and 
profiles recorded over time. In contrast to the other ingredients, the depth penetration 
of deuterated decanol within the skin is known to be no deeper than tlie junction 
between the stratum corneum and the viable epidermis. As such it could be used as a 
marker against the penetration profiles of the other ingi edients. Estimations of ingiess 
diffusion coefficients for glycerine (1x10'^ cm s^" )^ and squalane (1 xlO"^ ® cm^s'^) was 
obtained.
Preliminary in vivo experiments using a larger GARField magnet, working with the 
same principles as the smaller magnet, show that the technique can produce 
reproducible results.
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CHAPTER 1
INTRODUCTION
1.1 Aims and Objective of Thesis
The aim of this work was to use magnetic resonance profiling to characterise the 
distribution and mobility of water and other ingredients used in cosmetics products for 
human skin. This was with a view to better understand skin hydration and 
moisturisation. The cosmetic ingredients studied included mineral oil, glycerine and 
squalane as well as decanol for depth comparison within the skin. The GARField 
magnetic resonance (MR) method was used because of its superior spatial resolution 
compared with other methods, along with its ability to contrast water mobility, that 
enables the stratum corneum to be differentiated from the viable epidermis.
The ingress of skin care product ingredients into skin samples in vitro is mapped. The 
signals arising from molecules with different molecular mobility can be identified. 
Specifically, MR profiling of the stratum corneum and viable epideimis is carried 
out to investigate changes in the MR response of the skin following application of the 
products. Based on its occlusive properties and relatively large molecular size, 
mineral oil is generally believed to coat the skin and, at best, to only marginally 
penetrate the stratum corneum. On the other hand, glycerine, which is a small polar 
molecule is expected to readily penetrate through the stratum corneum (Rawlings, 
2003). However, with squalane it is unknown how far it ingresses into the skin, 
although due to the relatively large size of the molecule it is thought not to fully 
penetrate the epidermis. Finally, decanol, which has a short carbon chain, is expected 
to penetrate into the stratum corneum and to accumulate there. It will insert itself into 
the skin lipid structure where it will act as a moderate skin penetration enhancer.
Preliminary experiments were conducted in vivo using a larger magnet, with the same 
principles applied as in the previously mentioned studies. The magnet was built to be 
more open to enable the insertion of a limb between the magnetic poles. The aim
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was to obtain reproducible profiles of the skin of the limb and to investigate the 
ingress of glycerine in vivo.
1.2 Skin and Moisturisation
The single largest organ of the human body is the skin; a stmcturally complex, semi- 
permeable, elastic organ providing a physical barrier between the body and the 
external world (Rawlings, 2003; Hadgraft, 2001; Bouwstra et al, 2003). The 
permeability of the skin is critical to its natural function. It is also of considerable 
interest to the pharmaceutical and cosmetic industries, which seek to exploit it for 
medical or aesthetic advantage. Water plays an important role in skin structure and 
function. For instance, it is a plasticiser of skin, giving the skin flexibility. It assists in 
comeodesmolysis; the natui'al turnover of new and dead skin. Conti'olled water 
tiansport across the skin is important for maintaining correct water levels in the body 
(Harding et al, 2000). As such an important component of the skin, it would therefore 
be advantageous to be able to visualise water within the skin, which is precisely what 
can be achieved with MRI.
The water within the skin is believed to occui* in three types. Type I or free water has 
similar characteristics to normal water, for instance freezing at close to 0°C. Type II 
is loosely bound water. It interacts more strongly with the solutions suiTounding it, 
yet, in principle, remains readily evaporable. Type III is tightly bound water. Its 
dynamics imitate the protein macromolecules within the cellular structure of the skin 
to which it is bound. These different types have con*espondingly different mobilities 
which can be seen using MRI, as first documented by Foreman in 1976. With a 
combination of the short echo times and the spatial resoloution achievable with 
GARField MR it is possible to visualise the location of the free and bound water.
The hydration of the skin is very important. Normal, healthy skin cells have a high 
water content which swell the cells so that they all pack tightly together and press 
against each other ensuring that there are no cracks in the barrier that will bring about 
excessive water loss. External factors such as humidity have been linked with 
affecting the water content of the skin (Bowstra, 2003; Kasting and Barai, 2003) and
Chapter 1 -  Introduction
therefore causing a drying of the skin. Therefore it was of interest not only to study 
the skin water content under normal conditions but also at different humidities as 
well.
Skin-hydration and skin-moisturisation are two separate issues. The tonner has been 
described as a quantitative measure of the specific water content of skin and as such 
has been termed “clinical moistuiisation” (Wiechers, 1999). The latter is less 
definable and more of a qualitative property; this was dubbed as sensory by Wiechers. 
The property reflects the softness or suppleness of the skin as felt by the individual.
It is the lipids within the extra cellular spaces that provide the elasticity of the skin 
making it feel supple. By extracting these lipids from the surface of the skin, with the 
repeated use of surfactants or solvents in soap there becomes an interference in the 
integrity of the skins' barrier (Clark and Hoare, 2000). This induces a greater loss of 
water than is normal for the skin and the cells shrink producing cracks i.e. dry skin. 
Over time, the production of the lipids deep within the cells, can be affected, making 
them ineffective in their function. In these cases the skin has to be treated to replace 
the lipids.
The role of a moisturiser is two-fold in that it aims to replace the lipids and coat the 
surface of the skin. In replacing the lipids with compounds such as glycerine and 
squalane there is an increase in the suppleness of the skin. By coating the surface 
using an oil such as mineral oil, the excessive loss of water is stopped, giving 
immediate temporary relief ft om the effects of dry skin.
1.3.1 PREVIOUS STUDIES
1.3.2 In Vivo -  Hydration Quantification and Imaging
As explained in the preceding section, the quantity and behavioural characteristics of 
water within the skin are known to have a great effect on the homeostasis of the tissue 
especially in the epidennal hairier repair function (Hanley et al, 1997). It is of interest 
then to investigate the water flux across the skin in vivo. This is known as trans- 
epidermal water loss (TEWL). One of the simplest techniques to study this is tape
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stripping. This involves the use of a piece of tape, and the removal of the top most 
layer of the stratum corneum. By repeating this action, information can be found 
about the apparent water diflusivity across the skin surface (Pirot, 1998). Using 
spectral ellipsometry, a reduction in the thickness of the stratum corneum can be 
monitored as the tape stripping of the skin is carried out (Shultz, 2004).
Another potential method for the determination of TEWL is to measure the flux 
density from a diffrision vapour density gradient within a closed measurement 
chamber such as that used by the AquaFlux system (Nuutinen, 2003). Although this 
type of system still yields large discrepancies in the readings and is therefore not fully 
reliable. One novel method which measures the skin surface capacitance and claims to 
provide both the average value and a chart of the hydration of the skin is the SkinChip 
system (Leveque, 2003).
Another novel method is the Opto-Thermal Transient Emission Radiometry system 
(OTTER) as documented by Bindra in 1995 and 1996, hich is also reported to 
measure skin hydration. The disadvantage of this system is that it only has a depth 
penetration of-6pm  and is found to induce several degrees of temperatme increase in 
the area it is used on (Xiao, 1996).
Moving on to discuss the imaging of the skin in vivo, it can be seen that there are two 
main methods used. The first is ultrasomid and the second being systems that use 
light of varying fr equencies.
Ultrasound is a relatively low cost, safe and non-invasive method from which 1 and 2- 
dimensional images can be acquired. It is possible to generate 3-dimensional images 
by computer processing. It was first used in 1979 to deteimine skin thickness (Rallan, 
2003). Today, its main use in experimental dermatology is in the measuiing of skin 
lesion thickness (Wortsman, 2004), and in differentiating between certain types of 
melanoma (Harland, 2000). However, other methods such as electrical impedance 
scanning are often used instead of ultrasound in differentiating between benign and
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malignant skin lesions (Glickman, 2003). The sound waves of ultrasound do not 
efficiently peneti*ate the deeper layers of the skin so can therefore only obtain pictures 
of the upper skin layers, hi many ultrasoimd systems, it is not possible to resolve all 
the different layers of the epidermis as separately they are too thin. However by 
measuring the changes in the thickness of the skin epithelia cells, it is possible to 
quantify the water distribution in the dermis (Eisenbeiss, 2001). The efficacy of skin 
moistmising products have been observed and assessed using tliis method (Aspres et 
al, 2003).
Light has been exploited in many ways to image and obtain infoimation about the 
skin. Most methods have the advantage of being non-invasive apart from Fluorescent 
Fibre-optic Confocal Microscopic Imagmg (Swindle, 2003). This uses an invasive 
injection of fluorescing sodium which shows up the moiphology of the skin in detail, 
but not the water content, hi the fonn of fluorescence spectroscopy, this system has 
been successfully used to investigate the effect of oleic acid ingressing into the human 
epidermis (Garrison, 1991).
The three main, non-invasive light techniques that have been applied to investigate 
various parameters of the skin include: pulsed photoacoutsic spectroscopy, optical 
coherence tomography and infrared.
hi pulsed photoacoutsic spectroscopy, a high powered light is modulated in intensity 
at an acoustic frequency. It has been used in the study of the diffusion of emulsions 
such as those in sunscreen formulations, but the majority of the signal acquired is not 
from the skin itself but from the foimulations that were applied (Lahjomri, 2003). 
Optical coherence tomography can be used to show changes in the function and the 
morphology of skin, but the stratum corneum cannot be seen with this technique at 
certain sites eg the foreaim, where the stratum corneum is too thin to be seen. The 
addition of topical creams is shown to have only improved the image quality obtained 
(Welzel, 2004).
The most frequently used light technique for skin imaging is infra red (IR). 
Predominantly, the IR light is used in the form of a laser. The laser excites molecules 
within the skin and foims an image by detecting the resulting fluorescence. Using IR
Chapter 1 -  Introduction
it is possible to obtain a depth of 350pm (Aspres, 2003). Extremely high resolutions 
are achievable, making it possible to distinguish blood cells based on tlieir size and 
shape. Although the following IR techniques are fast and non-invasive, the 
instruments are expensive and therefore mainly used in research.
Attenuated Total Reflectance -Fourier Transformed Infra Red (ATR-FTIR) has been 
used to provide information on sebum content, type of fatty substances, water content 
& degree of order of lamellar lipid film in stratum corneum. With this information it 
was possible for Prasch et al (2000) to study the removal of a large amount of sebum 
from the skin after a cleansing process and the rapid reaction of the skin to increase 
production to replace this loss. They also found that by applying skin creams, the 
order of the lipids within the stratum corneum was changed. Potts et al (1985) showed 
how by apply a layer of Vaseline on top of the skin how the water concentration of 
the stratum corneum increased, therefore indicating its effectiveness as an occlusive 
barrier. Thermal emission decay-Fourier transfoim infrared (TEDFTIR) 
spectroscopy was used to detect the presence of external chemicals such as propylene 
glycol on human skin but the depth seen was only 6pm (Notingher, 2004). Confocal 
Raman IR Microspectroscopy can determine water concentration in the stratum 
corneum as a function of distance to the skin surface. Caspers and Lucassen (2003) 
proved how it enables analysis of skin molecular composition as a frmction of 
distance to the skin surface but only penetrates to a depth of 5pm. It can be seen that 
the major restriction of all these methods is the low depth resolution achieved in these 
studies of the stratum corneum.
Fiutheimore, with Near Infra Red (NIR) spectroscopy it is possible to obtain 
information of both the epidermis and the dermis as it can penetrate deeper than IR. 
Unfortunately its complex spectra means that there can be interpretation difficulties. It 
was for this reason that Attas et al (2002) used an indirect method of long wavelength 
near-infrared spectroscopy to calculate relative skin moisture. The more invasive 
method of Fluorescence spectroscopy, mentioned earlier, has similar penetration 
depths to NIR spectroscopy (Lauridsen, 2003).
Chapter 1 - Introduction
1.3.3 In Vitro
Over the years in vitro studies have been utilised to assess percutaneous water, drug 
or cosmetic product absorption and to investigate the distribution of water withhi the 
skin. Most commonly, these studies are conducted with diffusion cells, the most 
popular being the Franz-type cells. These have been shown to give similar results as 
in vivo experiments for the first few hours (up until 4.5hours), after which 
discrepancies have been found (Venter, 2001). The cells have been used to predict 
the amount of drug present in the stratum corneum over time (Wagner, 2001). Franz- 
type cells have been used in conjunction with other techniques such as confocal laser 
scanning microscopy to study transport mechanisms of drugs (Verma, 2003).
The electrical properties of the skin such as capacitance and resistance, are dangerous 
to experiment with in vivo techniques until such procedures are proven to be 
imdamaging. Craane-van Hinsberg et al (1995) studied the effect on the electrical 
properties of the skin while investigating the lipid phases in conjunction with varying 
temperature. In addition, capacitance and conductance studies of the skin have been 
used to devise in vivo hydiation measurement systems like the Comeometer and the 
Skicon. Unfortunately, the units for these systems aie vague and have to calibrated 
with in vitro tests using cellulose filter papers to give them more substance and 
accuracy (Barel and Clarys, 1997).
A few methods such as electron probe analysis, electron microscopy and Particle 
Induced X-ray Emisson (or PIXE) Specti'oscopy analysis require the cryopreservation 
of skin samples. Noimally liquid nitrogen is used in this process, thus making these 
inappropriate methods to use in vivo. The electron probe analysis and the microscopy 
have provided useful information on the water content of the skin (Warner et al, 
1988), whereas the PIXE analysis of the skin has been able to provide indepth 
information of the morphology, based on the mineral ion content (Moretto et al, 
1999).
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1.3.4 MRI Studies
There has long been an interest in what magnetic resonance (MR) can offer as a tool 
to investigate the hydration of skin. MR is a well-known and established method of 
quantifying and locating the hydrogen nuclei of water molecules in materials, making 
it ideal for investigating hydration. Several groups have earned out MR studies of 
skin using conventional equipment. The earliest attempts documented were by 
Foreman in 1976. His experiments using NMR spectroscopy provided dhect evidence 
of the presence of more that one type of water within the tissue. Foreman was also 
able to estimate the amount of bound water in the stratum corneum to be between 15- 
35%. Other early NMR spectroscopy work characterised the barrier properties of the 
stratum corneum cells with respect to diffusion using the foot pad from a guinea-pig 
(Packer, 1978). It was shown that extracting the dry stratum corneum layer with a 
chloroform-methanol mixture could change these properties, thus reducing the 
effectiveness of the barrier. More recently NMR microscopy was used in vitro to 
visualise smaller anatomical features such as sebaceous glands, cell layers that 
siuTound the hair follicles in the skin, as well as the stratum corneum and the viable 
epidermis (Kinsey et al, 1997).
The spatial resolution achievable by normal MRI machines is that of the order of 
100pm or greater with echo times of the order of a few milliseconds. The relatively 
long echo time limits the shortest nuclear spin-spin relaxation time, T2 , of the nuclei 
in the atoms of the molecules under study and as such restricts the measurement to 
relatively mobile ^H molecules. In turn, this limits quantification of the image data. 
As the full epideimis is approximately 100pm thick, none of the individual layers 
within can be distinguished. Therefore, it has been possible to visualise only the lower 
layers of the skin and the subcutaneous tissue. This technique has been proved by 
Brash et al (1999) to be useful in providing information of these layers to better assess 
tissue damage caused by fibrosis, or other types of diseased tissue results which were 
confirmed by Idy-Peretti et al (1998) to have increased relaxation time values. 
However Querleux et al (2002) was able to use this restricted resolution to establish a 
link between the thickness of the inner fat layer and cellulite. Hehn et al (1996) 
found that it was also possible to study changes to skin due to dmg penneation.
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although again, Üie typical depth resolution was still only of the order of 70 - 100 pm. 
Using high-field MRI, with a resolution of 90pm, Szayna (1998) saw an increase in 
signal from the skin on the foreaim of their volunteers following an application of 
cream. There was no evidence found of lipid (from the creams used) ingress into the 
skin.
The studies detailed in this thesis are concentrated on the characteristics of the upper 
layers of the skin, that of the viable epidermis and the stratum corneum. Previously if 
one wanted to study such a thin section of the skin with MR it was only possible by 
choosing a site on the body where the skin was thickest. For example, Weis (2001) 
was able to successfully image all layers of the epidermis by using a site on the back 
of the head. Szeles et al (2001) reported on studies of the toe in which they were able 
to define the stratum corneum from the viable epideimis. Querleux et al (1994) 
studied heel skin where the stratum corneum is particularly thick. They showed an 
increase in signal intensity from the skin sui'face layers resulting from bathing, the 
application of a moisturiser and repeated soaping. More recently, a shorter echo time 
of 5ms has been achieved by Ablett et al (1996), making it possible to view the skin 
layers in normal skin. This time had to be increased to 20ms when studying the skin 
in vivo, but was not as successful due to its inability to see the outermost skin layers 
having such a short T2 value. The resolution achieved was between 40-100pm. 
Mirrashed and Sharp (2004) made in vivo MRI Measurements of the effect of 
hydration of skin by immersion in water and by application of soft white paraffin 
(Vaseline). Again, the resolution was of the order of 50 pm.
GARField can achieve much shorter echo times of the order of 0.1ms and much better 
spatial resolution of the order of 10pm compared with all the above MR teclmiques. 
These much improved parameters are a direct consequence of the permanent and 
tailored high magnetic field giadient available with GARField, described in detail in 
Chapter 4. Preceding experiments to the ones written in this thesis were successfully 
conducted to investigate the hydration properties of skin samples under normal lab 
conditions as well as at various relative humidity values. GARFields' ability to 
achieve a high-degree of reproducibility in skin studies was first documented by Dias 
et al (2003).
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Few other techniques can compete with magnetic resonance imaging in teims of 
achieving non-destmctive and non-invasive time-resolved spatial-mapping with 
image contrast based on molecular mobility. The primary alternatives are near infra 
red spectroscopy, which can quantitatively differentiate on the basis of water mobility 
but without spatial resolution, or Confocal Raman specti'oscopy which only offers 
depth resolution. In addition to this, magnetic resonance is able to produce spatial 
infomiation which combines to assist in the fiu'thering of understanding the skins’ 
absorption and de-sorption of water. Magnetic resonance offers a way to assess the 
water content of the skin in both its free and boimd state within the sample.
1.4 Overview of Thesis
In this thesis, an understanding of the skin is important in order to understand the 
results obtained. For this reason, an indepth explanation of the skin and the various 
chaiacteristics of the different layers that it is made up of can be found in chapter 
two. Included in the chapter is a more detailed background to moisturisation. This is 
necessary to understand the importance of the role of water and the application of the 
chosen compounds that are used later in the experiments. An introductory explanation 
of the beginnings of MRI and an explanation of the theory required to understand the 
data acquisition can be found in chapter three.
The experimental procedures for all the studies included in the thesis are shown in 
chapter four. This includes a detailed description of the GARField magnets used in 
all experiments with an explanation of how the data was processed after it was 
acquired. Relevant probes and accessories (e.g. sample holders) for use within the 
magnets are included in this chapter. The skin sample preparations and the specifics 
of the other materials used are also discussed here.
The first results discussed aie that of skin hydration in response to varying relative 
humidity (RH) environments. Three different systems are used in an attempt to 
control the environment, two of which were steady state systems and the other a 
specially built air flow system. The results and discussions for these experiments aie 
presented in chapter five. Chapter six details the evidence for the different 
mobilities of the water within the skin achieved by changing some of the key 
pai'ameters (as detailed in the methods chapter 4).
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As previously explained in this chapter, moisturisers are veiy complex formulations. 
It was therefore sensible to investigate how some of the basic, principle ingredients 
i.e. mineral oil, glycerine and squalane, were contributing to the acquired MR signal 
when they were applied to the skin sample individually. The results for these 
investigations can be found in chapter seven. Decanol ingression was also studied as 
it has been previously proved that it penetrates through the stratum corneum and no 
further (Dias, 2001). It was therefore useful as a marker to compare with the 
previously mentioned materials in assessing how fai* they ingi'essed into the skin.
The final results section, chapter eight, contains preliminary experiments to assess 
the merits of using the GARField MR technique in vivo. The same style of magnet 
was employed, only it was a larger model with open sides to enable the insertion of a 
limb, such as an arm. The reproducabilty of the acquired profiles of different 
anatomical sites were assessed, as well as following the effect of applying glycerine to 
the aim
An overall conclusion of the results are summarised in chapter nine. Future possible 
work is also discussed in this final chapter.
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CHAPTER 2 
SKIN THEORY
2.1 Skin Morphology
The skin consist of three layers; the epidermis, the dermis and the subcutaneous 
tissue. The dermis contains a blood supply that delivers oxygen and nutrients to 
epidermis and dermis. Sensory receptors and nerves are also found in the dermis 
layer. The dermis sits on top of the subcutaneous tissue, or the hypodermis, which is 
predominantly composed of adipose and other loose connective tissues (figure 2.1).
Hair shaft 
Hair root
Cutaneousnerve
Sebaceousgland
Nerveending
Sweatgland
Bloodvessels
Figure 2.1 Diagram of the Skin Structure (Johnson, 2004).
The epidermis can be divided into five sub-layers, which tend to merge into one 
another rather than being separate distinct layers. Beginning with the layer closest to 
the dermis, these sub layers are the stratum germinativum (or stratum basale), the 
stratum spinosum, the stratum granulosum, the stratum lucidium and the stratum 
corneum (Stalheim-Smith and Fitch, 1992). The first four layers are known as the 
viable epidermis as they are still living tissue. The main cells within all these layers 
are known as kératinocytes. The cells are so named due to the protein, keratin, which 
is formed within the cells during proliferation of the skin cells. In normal 
circumstances, cells are constantly being exfoliated from the upper layers (known as 
desquamation) from the environment and so the lower layers are forever renewing
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these cells. This process, known as epidermal differentiation, takes from 52 to 75 days 
in total for the cells to migi'ate fr'om the lower layer to the upper. Kératinocytes are 
continually going through a cycle of production, differentiation and apoptosis (death) 
in order to replace and maintain the barrier. The top layers of keratinocyte cells in the 
stratum corneum are called comeocytes.
GARField with a pixel resolution of ~6pm will be shown capable of differentiating 
between the stratum corneum, which is maximally 20pm thick, and the viable 
epidermis, which is approximately 80pm thick. Most conventional MR scanners 
caimot achieve greater than 100pm resolution, with which it would not be possible to 
separate the signal fr'om these different layers.
2.1.1 Stratum Germinativum! Stratum Basale
The stratum germinativum is also known as the basal layer of the skin and is situated 
next to the dermis. The cells in this layer are attached to a basement membrane that 
lies between the dermis and the epidennis. They ai*e known as the epidermal stem 
cells (Goa, 2001) and it is from this layer that the epideimal cells are being 
continuously formed to take the place of the cells that are being lost from the upper 
most layers. As new cells are produced, the older ones are forced to move up through 
the layers. The cells produced here have a nucleus and have a long columnar shape.
The melanocytes, which are responsible for the skin’s pigmentation, are to be found 
amongst the cells in the basale layer. These cells accoimt for at least 10% of the cells 
in this layer of the epideimis. Melanin produced from these cells is transferred via 
small links, or dendrites, to the surrounding keratinocyte cells. As many as 20-40 
kératinocytes can be linked to one melanocyte.
2.1.2 Stratum Spinosum
The stratum spinosum or the prickle cell layer so named because of its spikey 
appearance. The “spikes” are intercellulai' bridges or desmosomes, which provide a 
pathway to adjacent cells. The cells in this layer have a larger and flatter appearance 
than the previous layer. As they progress upward this becomes more prominent.
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2.1.3 Stratum Granulosum
The stratum granulosum is also known as the granular layer. It is in this layer that the 
nucleus is lost from within the cells. Instead, are small organelles held inside a 
membrane known as lamellar' granules are fomid in these cells. The granules have 
stacks of lipid lamellae enclosed within them. As the cells differentiate further, it is 
thought that the lipids are discharged into the intercellular space fonning 
multilamellai* bilayers between the cells (Clark, 2001), thus making the transition 
from a granular cell to comeocyte. The cells in this layer are flattened and are stacked 
3 to 5 cells high.
2.1.4 Stratum Lucidium
The stratum lucidium can only been seen in thicker skin taken fr om the palms of the 
hands or skin from the soles of the feet, otherwise it is so thin that it is 
indistinguishable from the granular' layer or the stratum corneum.
2.1.5 Stratum Corneum
The stratum corneum or homy cell is the outer most cell layer of the skin. Although it 
is only 10-20pm thick, it is the main bai'rier to be overcome for anything to get 
through the skin (Winsor and Burch, 1944; Blank, 1953). In this layer the cells are 
hexagonal in shape, flat and stacked upon one another. The cells are 70% filled with 
keratin filaments and are essentially dead cells. Each comeocytes is between 20 to 
40pm in length and 1pm thickness, with no nucleus or other organelles. The deeper 
layers are firmly bonded together, held by the lamellar lipids that are excreted from 
the cells. These lipids are a mix of ceramides, cholesterol and free fatty acids 
(Downing, 1992). The membrane of the cells, or the comified envelope, is now 
comprised of tough proteins that are about lOnm in thickness. On the outer side of 
the comified envelope is a layer of long chain D-hydroxyceramides, known as the 
lipid envelope (Madison, 2003). The multiple layers of the comeocytes produce a 
resilient barrier to the outside enviromnent.
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Inside the comeocytes is one of the skins’ own moisturising mechanisms. This is a 
mixture of amino acids and their derivatives of water soluble compounds known as 
the natural moistuiising factor (NMF) (Harding, 2000). These compounds can absorb 
water from the atmosphere and retain it in the tissue, just like a humectant does, to 
prevent dehydration of the tissue due to the extemal environment. Therefore the 
greater the amount of NMF in the stratum corneum, the greater the amount of water 
that can be held in tliis layer. This is regardless of the value of the surrounding 
humidity (Harding et al, 2000). When NMF is extracted from the stratum corneum 
there is a decrease in the skin’s hydration, its pH level and its suppleness. These 
effects have also been observed in a study of how a change in the seasons affect the 
amount of NMF, showing an overall decrease in the different levels of NMF 
compounds within the skin (Nakagawa et al, 2004).
2.2 Water Content of Skin
Approximately 20% of all water in human body is held in the skin. In infants the skin 
is made up of approximately 80% water. This is slightly less (approximately 70%) in 
adults. However this water is not distiibuted uniformly in the different layers. Most 
of the skin’s water is fixed in the dermis. The water content of the dermis and the 
viable epidermis is approximately 70%. The water content of the stratum corneum 
follows a gradient, decreasing as it approaches the smface. The deep layers of the 
stratum corneum contain approximately 10-15%.
Water plays an important role in skin structure and function. For instance, it is a 
plasticiser of skin as it makes the skin more flexible by increasing the fluidity of the 
intercellular membranes. It also assists in the turnover of new and dead skin, a 
process called comeodesmolysis. At the same time it is important to control the water 
transport across the skin, as this maintains the correct water levels in the body 
(Harding et al, 2000).
The nonnal or pathological physiology of each individual has an effect on skin 
hydration. This is known as biological variability. Other factors such as food, 
physical activity, stress and climate also have an effect on the water content of the
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skin. Moisturizing agents can be used to vary cutaneous moisturization but it should 
not be forgotten that most of the water in the skin is supplied by the microcirculation 
in the dermis.
As stated previously in Chapter 1, skin-hydration and skin-moistuiisation are viewed 
as different properties. The foimer, termed as clinical moistuiisation, is a quantitative 
measui'e of the specific water content of skin (Bouwstra, 2003; Kasting, 2003), with 
the latter seen as more of a qualitative property, reflecting the softness or suppleness 
of the skin and dubbed sensory by Wiechers in 1999.
NMR predominately measures the water. It is very sensitive to water mobility. As 
stated previously in Chapter 1, the skin is thought to consist of three types of water: 
Type I (free water), Type II (loosely boimd water). Type HI (tightly bound water). 
The fi*ee water, can be re-absorbed, migrate or evaporate. It is retained within the 
comeocytes due to osmosis. Type II, can only be paitially mobilized, yet should easily 
evaporate. Type III, is a non-mobile structure that imitates the proteins it is bound to.
It is the free water that is the focus of these experiments and it is the signal from the 
protons in the fr ee water that is detected by GARField. The signal from a liquid is a 
lot longer than a signal from a solid as there are more interactions between atoms, and 
energy is lost to the suiTOunding area faster. Therefore Type I is the bulk from where 
the NMR signal comes from in these experiments. The theory of magnetic resonance 
is explained in depth in Chapter 3 of this thesis.
2.3 Lipid Content of Skin
There ai*e six main classes of lipids. These are: fatty acids. Tri-, di-, & 
monoglycerides, phospholipids, sphingolipids, steroids (cholesterol, androgens, 
oestrogens, progesterone) and hydiocarbons (wax esters) (Meir and Cotton, 1976).
There is a huge difference in the chemistry of the lipids in the basal cell layers when 
compared to those in the stratum corneum. Some lipids, for example the 
phospholipids are present in the basal layers of the epideimis but not in thé stratum
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corneum. Conversely, in the stratum corneum there is a larger amount of ceramides 
(made from a fatty acid linked with a sphingolipid), cholesterol free fatty acids and 
cholesterol sulphate. The lipids appear as broad continuous sheets between the cells 
when the stmctme is visualised using freeze-fracture electron microscopy (first 
achieved by Elias in 1975).
The composition of the lipids also varies depending on the site of the body. 
Hydi'ocarbons such as squalane ai*e found more in abundance in areas of skin that are 
dense with hair follicles, for example the scalp as compared with the palms (Schurer 
and Elias, 1991). Wliereas sphingolipids are found in greater quantities on sites that 
are more permeable to water, for instance the soles of the feet i.e. the plantar areas 
(Lampe et al, 1983).
2.4 Skin Appendages
Other features of the skin surface include hair follicles, sebaceous glands and sweat 
glands. Although each has its own importance, when combined they account for a 
very small surface area of the skin.
Hair follicles are found all over the body, exception being for the palms of the hands, 
the soles of the feet and the lips, but they are mostly concentrated on the facial area 
and scalp. The hair itself is composed of dead keratinized cells and is fonned in a 
pocket (or follicle) of the epidermis that has been pushed down into the dennis. Small 
muscles (the arrector pili) extend from the follicle to the dermis. When stimulated by 
cold the muscle contracts. This straightens the hair, making it stand upright to trap a 
layer of air for insulation purposes. Its role in aiding thermo regulation on humans is 
rather inferior compared to its importance in other mammals.
Sebaceous glands ai*e nonnally attached to the hair follicles, but do occasionally open 
out directly to the skin sui'face. An example of this is on the lips. They are found on 
most parts of the body with the exception of the palmer and plantar areas. These 
glands secret an oily substance made up of lipids which is referred to as sebum. The 
role of this secretion is unknown, though there have been suggestions to it having
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antibacterial and antifungal properties. The secretion produces an oily barrier perhaps 
to prevent water loss.
There aie two types of sweat glands: the eccrine and the appocrine, of which, the 
eccrine are the most common. These are coiled tubular glands with the secretory 
component located in the dennis. The excretory duct spirals upwards through the 
epideimis and opens at the surface of the skin (known as a pore). A water substance 
is produced and secreted to cool the surface of the skin. This substance is commonly 
known as sweat or perspiration. These glands are found in most areas of the body but 
are found in denser quantities in the forehead, axillae (arm pits), palmer and plantar 
areas.
The appocrine glands are lai'ger than the eccrine and found in the skin of the axillae, 
areolae (breasts) and the perineum (pelvic area). The ducts of these glands empty in 
to the hair follicles, not the skin surface. The substance they secrete is more viscous 
and complex in structure than the sweat produced by the eccrine glands. These glands 
do not become active until puberty. Although its true function is unknown, it is 
thought the secretion is responsible for our individual human scent.
2.5 Percutaneous Penetration
The skin’s main method of tiansporting molecules across the surface layers is by 
diffusion. It is known that the cells in the stratum corneum are effectively dead i.e. 
are inactive metabolically, due to the extent of differentiation they have under gone, 
and that the impermeable nature of the skin is still present for a long time after 
excision from the body (Burch & Windsor, 1946)
Experiments will be described which map the ingress of molecules through the skin. 
It is currently debated how they go through. In the future, but not in this thesis, NMR 
restricted diffusometry may help answer some of these questions.
There are 3 routes which can be taken by a diffusing molecule to cross the stratum 
corneum. These have been identified as (1) transappendageal or shunt routes, i.e.
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down hair follicle shafts or pores or sweat glands (2 ) transcellular, through the cells 
and (3) intercellular, around the cells, through the intercellular lipids. When 
considering these routes it is useful to visualise the stratum corneum with the bricks 
and mortar analogy, as described by Elias in his paper in 1983. He depicts the 
comeocytes as the protein “bricks” and the interstitial lipids as the “mortar” (figure 
2 .2).
Transappendageal  
Transcellu lar  IntercellularfX\
■  ■ ■  i
■A. ■{-«- - T . • . r ;  • - Ty'T t"? 
■ X
■ y.'T'
.........
. .. -
Figure 2.2: Stratum Corneum as Bricks and Mortar. As described by Elias with 
the comeocytes as the bricks (seen as white rectangles) and the mortar being the 
lipids in between the cells. The 3 possible routes through the stratum corneum are 
shown by the red arrows. Transappendageal: through openings such as pores or 
sweat glands, Transcellular: repeatedly through the cells and the lipid mortar. 
Intercellular: around the cells, through the lipids only.
Initially, the first route of transappedageal appears to be the most direct route. Despite 
this, it has been found unlikely to be the dominant pathway as the appendages only 
cover 0.1% of the total surface of the skin. For example the palmer skin, has three 
times more sweat glands per unit area when compared with other sites. Despite this it 
is less impermeable to substances (except water) than elsewhere on the body. 
(Tregear, 1966). These routes are thought to provide significant pathways for the 
iontophoretic delivery of dmgs (Illel et al, 1991).
The second route of transcellular is highly unlikely. To cross the stratum corneum 
this way would involve the molecule having to pass through repeated lipid layers and 
proteins of the comified envelope of the comeocytes. This would be a difficult task 
for any molecule and as such is discounted because of its complexities.
This leaves the third route of the intercellular pathway as the most dominant for 
diffusion. Boddé et al {\99\) and Albery et al (1979) have confirmed the presence of
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peimeants in the intercellular spaces. This route requires the permeant to pass around 
the comeocytes tlirough the lipids only. Since this is not a direct route it is suggested 
that the diffusional pathlength is longer than the thickness of the skin. This was 
confirmed by Potts and Francoeur in 1991, who stated a pathlength of 500pm for 
water diffusion across the skin, although the measurement of the actual length of this 
pathway is open to question due to the mathematics involved (Bunge et a/,1999).
Another implication for this being the preferred route for diffusing molecules is the 
decrease of skin impermeability when the lipids are extracted (Rastogi and Singh, 
2001). When reorganisation of the lipids, for example by fluidisation, has been 
achieved, there is an increase in permeation across the skin (Harrison et al, 1996). 
Alcohols and alkanols such as ethanol or decanol are known to be penetration 
enhancers (Williams and Barry, 2004).
With the exception of materials that react to the skin surface, the diffiision of a 
substance through the skin obeys Pick’s Law (Hadgraft, 2004; Yamashita and 
Hashida, 2003). As the route is not homogenous, it is surprising that such a 
complicated journey can be represented by a relatively simple solution to this law of 
diffusion.
A major factor which will influence the maximum flux (J) across the skin is the size 
of the diffusing molecule. It has been shown by Magnusson et al (2004), and Verma 
et al (2003) that a smaller molecule will more readily diffuse tlnough the skin than a 
larger one.
2.6 Skin Care and Hydration
2.6.1 Dry skin
The clinical term for dry skin is xerosis. It occurs as a result of a breakdown in some 
stage of the desquamation process. This causes an impairment of the ability of the 
comeocytes in the stratum corneum to bind successfully. As a consequence there is a 
build up of dead cells on the outer layer of the skin giving it a rough, flaky
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appearance. An increase in trans-epidermal water loss (TEWL) follows, causing the 
cells to shrink and crack the barrier. The major contributor in the deterioration of the 
condition of the skin is the constant extemal stress from the suirounding environment. 
Factors such as the humidity of the atmosphere (Egawa et al, 2002) or the soap 
detergents used on the skin have a desiccating effect (Fluhr and Ennen, 2004; Gloor et 
al, 2004). They strip away the lipids which reduces the effectiveness of the barrier and 
increase the water loss from the skin. This reduces the water that is available for the 
enzymes that are used in the desquaniatory process thus resulting in the appearance of 
dry skin at the surface (Rawlings et al, 1995). Scratches and other surface damage to 
the skin also causes increased TEWL leading to xerosis of the tissue.
Other more serious ailments can then follow if the dry skin condition is not treated 
properly.
2.6.2 Moisturisation
Although water is an integral part of the skin, by simply adding some onto the surface 
is not an effective solution to cure dry skin. It has been shown to be the least effective 
product for moisturisation purposes (Girard, 2000). This has been known for many 
years as the application of simple oil fonnulations to hydrate the skin and make it feel 
supple can be traced back to the time of the Ancient Greeks, Romans and Egyptians 
(Flynn, 2001).
Today the ingiedients in the formulations aie more sophisticated than these eaiiy oils, 
but with the final aim being the same. This is to repair the natui'al barrier properties of 
the skin, thus reducing the TEWL and increasing the water content within. Another 
desirable feature would be the capability of the formulation to re-establish the role of 
the lipids in the tissue to draw in and then contain or redistribute the water.
It was not until fairly recently, in the 1950’s, that the technology was advanced 
enough to study the skin and the desquamation process that it goes thiough and so 
using this knowledge, produce the complex moisturiser systems that are now 
available. In later chapters it will be suggested that MR is able to differentiate clinical 
and perceived moisturisation. There ai'e four types of moisturising materials that aie
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used in conjunction with each other to try and obtain the maximum re-hydration effect 
of the skin. These are occlusives, humectants, emollients and protein rejuvenators.
Occlusive materials when applied to the skin provide a temporary physical barrier 
replacement over the skin, effectively reducing the TEWL to a minimum, which 
enables the tissue to retain water, and allows the tissue time to start to repair itself. 
Examples of occlusive materials in formulations are mineral oil, petroleum jelly (e.g. 
Vaseline) (Lynde, 2001 ).
Humectants are used to di*aw water from the epidermis into the stratum corneum. 
They are compounds with hydroxyl groups attached that enable the molecule to 
tightly bind to the water. The most effective and widely used humectant is glycerol 
(or glycerine); urea and lactic acid are also frequently used but can cause irritation to 
the skin.
Glycerol is primaiily known as a humectant but also has mild occlusive properties. 
Other chai'acteristics are its ability to encourage increased activity of the 
desquamatory enzymes which is thought to be due to its multi purpose actions. There 
is also some evidence that glycerine may also help to maintain the lipids in a liquid 
crystalline state at low relative hmnidities (Froebe et al, 1990). It has also been found 
to effectively reduce minor inflammations (erythemas) on the skin surface, in in vivo 
studies. However, it should be noted that there has been differences found in its 
efficiency as a humectant when tested in vitro as opposed to in vivo (Sagiv and 
Marcus, 2003).
Emollients are oily substances which are thought to fill the spaces between the flakes 
of dry skin. They are not thought to be occlusive unless applied in large amounts. If 
combined with an emulsifier it is suggested that they hold the oil in the stratum 
corneum. Common materials used as emollients are vitamin E and squalane, although 
not much is known of how they frmction. Fatty acids and fatty alcohols as discussed 
in an earlier section (2.3) are used in emollients to change the lipid properties of the 
skin to achieve a moistuiisation effect.
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Some cosmetic products now claim to have beneficial properties due to the inclusion 
of proteins such as collagen and keratin. It is unlikely that these proteins will have 
any deep and lasting effect on the properties of the skin. These molecules ai*e rather 
large to successfully diffuse through the skin. Instead they stay on the surface and fill 
abnonnalities caused by fiakey skin deposits and may provide temporary relief. Over 
time these substances dry out and the effect is a tightening of the skin, useful to 
sti'etch out wiinkles, but again as a temporary measure (Lynde, 2001).
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CHAPTER 3
Magnetic Resonance Theory
3.1 Historical Background
In 1937 Dr Isador Rabi fortuitously came across the nuclear magnetic resonance 
phenomenon during an ion beam experiment (ERMF Foundation, 2003). At first 
he thought it to be an artefact from the equipment that he was using. He then 
used the technology to develop a method of atomic and molecular beam 
magnetic resonance to observe atomic spectia (NMR spectroscopy). In 
recognition for tliis discovery, Rabi, was awarded the Nobel Prize for Physics in 
1944.
In 1945 and 1946, two different groups of scientists in America, independently of 
each other, described the magnetic resonance properties of the hydrogen (^H) 
nuclei. One group, lead by Edward M.Purcell, at Harvard University reported on 
the magnetic resonance properties of wax (Purcell et al, 1945). The other group, 
lead by Felix Bloch from Stanford University reported their findings of the 
resonance of ^H in water (Bloch, 1946). Both Bloch and Pui'cell received the 
1952 Nobel Prize in Physics.
An influential paper wliich was presented by Hahn in 1950, reported on the 
discovery of the spin-echo. It was fuither suggested that by using a field gradient 
that it would be possible to go on to measure the self diffusion of small 
molecules in liquids. Carr and Purcell, in 1954 experimented with using multiple 
echo pulse sequences. These sequences would alternatively minimise diffusion 
effects in samples or be able to measure self diffusion co-efficients by using a 
constant magnetic field gradient (Carr and Purcell, 1954).
The first discovery of Ti and T2 signals from healthy tissue being different from 
that of cancerous tissue was reported in 1971, by Dr. Raymon Damadian of the
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State University in New York (Damadian, 1971). It is widely claimed that it is 
due to this discovery that magnetic resonance was investigated as a medical tool. 
Until this point the method had only been used as a spectroscopy tool by 
physicists and chemists.
The next practical stage though, was to create a two-dimensional image. This 
was accomplished by Professor Paul Lauterbui* also from State University New 
York, in 1972 and was reported in a short paper published in Nature in 1973 
(Lauterbur, 1973). In addition to the main magnetic field, he used a magnetic 
field gradient with which he was able to resolve spatially two test tubes of water. 
He used back projection to reconstruct these images, a method which was 
originally developed and used in computed tomography. Lauterbur named this 
technique zeugmato graphy, but the name was later changed to Magnetic 
Resonance Imaging (MRI). Also during this year was the first documented 
biochemical information from cells and tissues obtained from using NMR by 
Moon and Richards (Moon and Richards, 1973).
Phase encoding of the signal was introduced in 1975 by Kumar, Welti and Ernst 
as a more efficient method of obtaining an image (Kumar et al, 1978). This was 
made possible by two-dimensional Fourier transformation of the signal obtained.
Still using MR in its spectroscopy form. Foreman became one of the first to 
report the ability to distinguish 3 different types of water within human stratum 
corneum by their different relaxation times (Foreman, 1976). Only one year later 
the first human scan was achieved by Damadian and two of his co-workers 
(Minkoff and Goldsmith) in 1977 (Damadian et al, 1977). The image was that of 
a cross section of the chest and was accomplished using a voxel localisation 
method. In the same year, Peter Mansfield and his group in England developed 
rapid imaging techniques such as Echo-Planar Imaging (EPI) (ERMF 
Foundation, 2003). This was achieved using quickly varying the gradients. A 
faster imaging technique then made it possible use MRI in a clinical setting. It 
was not until 2003 that both Lauterbur and Mansfield were recognised for their 
contribution to Magnetic Resonance Imaging by being presented with the Nobel 
Prize.
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A group in Aberdeen, Hutchison, Edelstien and Mallard, applied phase encoding 
in to their magnetic resonance system (ERMF Foundation, 2003). In 1980, they 
demonstrated the spin-warp technique, which is now commonly used to obtain 
MRI images world wide. Although, the very first commercial MRI scanner was 
introduced by Damadian and the company that he had founded in 1980, it used 
his patented voxel method to obtain images. The first commercial seamier in 
Europe was installed in the Department of Diagnostic Radiology at the 
University of Manchester in 1983.
Instead of using the magnetic field found in the centre between the magnets, the 
fringe fields, or stiuy fields surrounding the magnets can be used. Stray Field 
Magnetic Resonance Imaging (STRAFI) was first documented in 1987 by 
Samoilenko when it was used to study solids and confined liquids (Samolienko et 
al, 1987). These fields were shown to provide a large magnetic gradient which is 
then used to achieve a much smaller spatial resolution than that obtained using 
conventional MRI, as explained later in section 3.5. By using this methodology, 
it was possible to build an arrangement using a permanent magnet with shaped 
pole pieces that would provide an almost horizontal magnetic field in the 
horizontal plane, achieving a spatial resolution better than 10pm (See section 
3.5).
3.2 Principles of NMR
3,2.1 Spin
The signal for NMR and MRI originates from inside the nucleus of the atom. In 
all of the experiments detailed in later chapters, it is the nucleus of the hydi'ogen 
atom that the signal originates from. The hydrogen atom is made up of a proton 
(a positively charged particle) as the nucleus in the centre and an electron (a 
negatively charged particle) that orbits around the nucleus. In order to 
understand where the acquired signal originates from within the nucleus, it is 
important to be aware of the mechanical and electrical properties possessed by 
the proton.
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All unpaired nucleons (i.e. protons or neutrons), such as that found in the 
hydrogen nucleus, have a quality known as “spin”. Spins are quantified in 
multiples of VS0 (where Dis Planck’s constant 6.626x10'^"  ^ J s / 2 tt). The spin 
itself is specified with quantum number I  which in the case of the proton is equal 
to Vz. The magnitude of the spin angular momentum is given by:
\l\ = nfyi  + i) (3.1)
It is the combination of the positive electrical charge from the proton and the 
angular momentum associated with the spin, which leads to a magnetic moment 
(p). That is, the proton acts like a small bar magnet with a north and south pole. 
The magnetic moment generated by the proton is given by
fi = Yl (3.2)
where y is a constant known as the gyromagnetic ratio, which is specific for the 
particular nucleus. For a hydrogen nucleus, y is equal to 42.58 MHz / T.
3.2.2 Quantum Description of Events
The magnetic moment of the proton produces a magnetic field which is 
represented by a vector. Outside of a strong magnetic field, the vectors 
corresponding to different nuclei do not have any preferred orientation with 
respect to each other but are oriented in random directions giving no net 
magnetisation (Figure 3.1).
Figure 3.1: Proton Orientation Diagram. Protons depicted as miniature 
magnets, with the arrow head as the north pole in random orientation giving 
no net magnetisation outside o f an externally applied magnetic field.
When placed in an extemal magnetic field (Bo), the spin vectors will try to align
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themselves with the field. In the case of this creates two energy states ) 
in the magnetic field, since in general, the number of states is 2 1 + 1  and for
hydrogen I = ^ . This is in agreement with quantum theory which says that the
protons are only capable of aligning themselves either parallel or anti-parallel to 
the extemal field (Westbrook and Kaut, 1998). The interaction of the magnetic 
moments with the extemal magnetic field to create these two energy states is:
= -  f izB o  =  - y  i^ B o /2  ; E^ =  j& B o =  y  i^ .B o/2 (3 .3 )
where the strength of the magnetic field is measured in Tesla (T),E.[.is the
energy of the parallel-aligned nuclei and E^the anti-parallel aligned nuclei.
Therefore the aligiment of the nucleus within the magnetic field is affected by 
the strength of the applied magnetic field Bq. The two atomic energy levels 
created are split by the Zeeman effect {Figure 3.2), where the energy difference, 
AE, is the energy which is needed to induce a transition from the lower to the 
higher state. This energy difference (AE) is dependent on the field strength of Bo.
Bo
spins
-eOQQO©-
Energy levels with 
same energy value
I  =  -1 /2
(a)
1=  +  1/2
(b)
Higher energy 
level
AE =
© 000-
Figure 3.2: Spin Quantum Diagrams. Quantum diagrams o f (a) spins outside 
a magnetic field and (b) the energy split in between level by a non-zero field.
To accomplish a transition from the lower energy level to the higher level 
requires a quantum of energy (/z m) equal to AE to be applied into the system:
AE - y  h /4 Bq -  y (- /4) Bo (3 .4 )
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By setting E = C^D, where co is the angular frequency of the energy quanta 
causing the transition then modifies equation (3.4) to show:
^  CO =  Y ^  B  0
0 ) = Y l  (3.5)
It is a small but significant majority of the nuclei that have a low level of thermal 
energy and do not posses enough energy to oppose the applied magnetic field. It 
is these nuclei that will align paiallel with the field (E.^). The nuclei with a
higher level of thermal energy will align anti-parallel with the field (E^). The 
lower energy level nuclei (n) [spins u p t ] ,  cancel out the effect of the 
magnetism of the other nuclei in the higher energy state (n^) [spins down i ] ,  
leaving a small net magnetisation from the lower energy nuclei. The number of 
nuclei in the two states is described by the Boltzmann distribution. This states 
that the relationship between the numbers of nuclei in the two energy states is:
Where AE is the energy difference between spin states, k is Boltzmann’s 
constant (1.3805 x 10’^  ^J/K) and T is the temperature in Kelvin.
By taking small groups (isochromats) of the protons it is then possible to find an 
average net magnetisation in any one environment. The net magnetisation (or 
magnetic moment per unit volume) M of the sample is the difference between the 
spin configurations multiplied by magnetic moment,
M = (n -n+)M, (3.7)
Where n' - n  ^is equal to the total number of nuclei that produce the detected 
NMR signal. For nucleai' spins the population difference is very small as the 
energy levels are closely spaced. The stronger the magnetic field, the greater the 
energy difference between the energy levels, and the lai'ger the difference in the 
population of states, in turn leads to a stronger NMR signal.
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3.2.3 Precession
Another effect that the individual nuclei (the protons) experience within the 
magnetic field (Bo) is a torque {Q. The torque applied to the nucleus is 
proportional to the sti'ength of the magnetic field and related to the magnetic 
moment (pj by:
Î  = fixB o
= yJxBo (3.8)
Wlien a torque is applied into the system there must also be a change of angular 
momentiun (dJ) as stated by Newton’s second law of motion. So for the nuclei in 
the magnetic field, the torque is equal to a rate of change of angular momentum. 
Hence:
dJ
“ dt
= j4xBo (3.9)
Now, by combining equations (3.8) and (3.9), the relationship between the 
magnetic moment interaction and the magnetic field then becomes:
du- ^  = yjxxBo (3.10)
From this equation it is known that the magnetic moment vector ji is moving in a 
circular direction. The angular velocity (or frequency) of which is:
yB (3.11)
where is the resonance or Laimor angular frequency. This is the same 
frequency as before in equation (3.5) for the frequency of the input energy 
needed by the protons to make the tiansition between energy levels. Equation
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(3.11) describes the motion of one spin within the magnetic field. This is known 
as free precession. This shows that due to the interaction of the field and the 
magnetic moments, the nuclear magnetisation processes (figure 3.3). This motion 
has been likened to that of a gyroscope in a gravitational field.
Precessional
path
spin
Figure 3.3: Proton spin and Precession. B^tshows the direction of the external 
magnetic field. The proton acts like a bar magnet with a north (N) and a south 
(S) pole. The spin o f the proton can be seen as the small red circular route. 
The precession o f the proton around the magnetic field line can be seen as the 
green circular path.
3.2.4 Net Magnetisation
When the processing protons are represented in a cartesian co-ordinate frame 
only the z component can be found. This is due to the random distribution of the 
moments, and so when the co-ordinates of the x and y vectors are added together, 
the values cancel each other out.
Bo
X
Figure 3.4: Diagram of the net magnetisation (M) from the total magnetic 
moment per unit volume. When the sample is placed inside an external 
magnetic field and the system is at thermal equilibrium a net magnetisation 
can be found along the z-axis.
It is more useful to define the magnetisation of the sample as a whole i.e. the net 
magnetisation as previously introduced in section 3.2.2. So the resultant net 
magnetic vector, M (the total magnetic moment per unit volume), arises along
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the z-axis, parallel to the Bo field (see Fig. 3.4) and is now represented by: 
M z = x ;  iii (3.12)
whereas M% and My are initially equal to zero.
Since the net magnetisation (M ) is the combined magnetic moments (jii), the 
previous equation (3.12) can now be re-written as:
^  = yM xBo (3.13)dt
3.2.5 Rotating Frame of Reference
The system can be affected by applying an oscillating radio-frequency (r.f.) 
signal along an axis perpendicular to the magnetic field. The r.f. signal excites 
some of the lower energy protons into the higher energy level and forces the 
protons to process in phase with each other. When this happens, the net 
magnetisation vector is tipped into a new direction.
RF signal
Figure 3.5: Effect of r.f. signal on the System. A radio frequency pulse (blue 
arrow) of the same frequency as the protons (the Larmor frequency), will flip 
the net magnetisation (angle o f flip equal to a) into another plane, where the 
protons continue to precess and the signal can be detected by a coil.
Until now the description of events taking place has been described from a 
perspective outside of the system, looking in on the events taking place within 
the system. This view is known as the laboratory frame of reference. The effect
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of the applying an r.f. signal into the system is best depicted on a rotating frame 
of reference (Fig 3.5). From this perspective, the co-ordinate frame is rotating 
about the z-axis at a frequency of col. Upon application of the r.f. signal along 
the x-axis, the net magnetisation M is flipped away from the z-axis through an 
angle known as □ or the flip angle. The frequency, strength and length of time 
(tp) of the applied r.f. signal affects Q i.e.:
(3.16)
where Bi is the applied r.f. field. Normally in NMR the flip angle is set to 90° 
which equalises the spins, or 180° which inverts the magnetisation. The 
relevance of these angles is discussed in a later section within this chapter 
(3.4.1).
With a  set to 90°, the net magnetisation rotates around the applied r.f signal and 
the protons process inphase with one another, appearing as a vector along the y- 
axis. The resultant M in this new position induces an oscillating electric current 
in a detector coil, giving rise to the NMR signal. When the r.f. signal is switched 
off, the magnetisation returns to processes about Bq. The higher energy state 
attained by the protons due to the application of the r.f. field is temporary. So 
when the r.f. signal is switched off, the protons gradually return to the lower 
energy level.
S ( U
Figure 3.6: Free Induction Decay. Signal decay over time  ^as seen by using the 
laboratory frame o f reference shown as a blue line. The red line shows the 
decay as seen when using the rotating frame of reference  ^ where S(t)is the 
signal over time^  t.
A representation of the decay signal that would be detected by the coil over this 
time of the system returning to its equilibrium state is shown in fig 3.6. This is
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known as a free induction decay (F.I.D.). The signal, as it would be seen when 
using the laboratory fi*ame of reference is represented by the blue line in fig 3.6. 
The frequency of which would be the same as the Larmor frequency. If using the 
rotating frame of reference, the red, exponentially decaying line or the envelope 
of the FID signal would be seen.
3.2.6 SPIN RELAXATION AND RELAXATION MEASUREMENTS
3.2.6.1 Bloch Equations for Classical Precession
The manipulation of the spin system with the application of an r.f. pulse can also 
be shown mathematically by equation (3.14). hi this equation the net 
magnetisation (M) is described in terms of the net effective magnetic field, Beff, 
inplace of the customary Bq. Using the rotating frame of reference as described 
in section 3.2.5 with the axis again rotating around the z axis at frequency □, the 
equation becomes i’, and indicates the new applied r.f. field which is rotating 
ai'ound the x axis.
—:----- yM  ^Beff (3.14)dt
where Beff = (Bo - —) k + B%i' (3.15)Y
If Bq = — then Beff = B%i% meaning that the new applied r.f. signal is seen by the Y
protons as the new Bq. Therefore, the protons now align themselves to process in 
the direction that is dictated to them by the r.f. signal (B%).
In order to disturb the equilibrium state of the protons, the r.f. signal has to be 
moving in a circular motion and oscillating at the Laimor frequency. Normally 
the r.f. signal is delivered via a coil wi'apped around the sample, so the Bi field 
would consist of a linearly oscillating field in which Bi = 2BiACOS0)Lti. This field 
can be regarded as two components that are equal in amplitude, but rotating in
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opposite directions:
B ]  clockwise B%ACOSCOLti -  B iS in C O L tj  
B i  anti-clockwise B iC O S © L ti +  B iS in C Û L tj
with the angular velocity (ro), positive in one direction and negative in the other. 
Generally, the component possessing the angular velocity counter -  rotational to 
the precessing spins is discounted (Callaghan, 1995). The component that does 
interact with the spins is:
B 1 clockwise =  B 1 ACOScoLti -  B  i sin co L ti ( 3 . 1 7 )
Therefore, now Btotai^ Bo +Bi = Bok + BiACOscùLti - BisinoùLti (3.18)
where i, j, and k are imit vectors along the x, y, z axis respectively.
For each component, x, y, and z equation (3.14) can now be written as:
• ^ ^ ^ = 7  [MyBo + M;^i sin eoot] 
dM
dt
dM
dt
 ^ = 7  [MjBi cos coot- MxBo]
= 7  [ - MxBi sin coot -  MyB% cos ©ot] (3.19)
For the initial conditions where time (t) is equal to 0 and with the system being in 
thermal equilibrium then M  = Mo. The magnetisation goes along in the same 
direction as the magnetic field, Bq. The previous equations (3.19) can then be 
written as:
M x = M o sin © it sin ©ot 
M y =  M o sin © it  cos ©ot
Mz = Mo cos ©it (3.20)
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Equations (3.20) are the beginning of a series known as the Bloch equations, 
after Felix Bloch who first wrote them in 1946. These equations are very 
important in magnetic resonance and explain the effects in different reference 
frames that are used to visualise the system, in all three co-ordinate directions.
3.2.6.2 Relaxation Mechanisms -  Ti & Ti
The return of the magnetisation to its equilibrium state after the application of an 
r.f. pulse happens due to two types of relaxation occurring within the system. 
These are spin-spin (or transverse) relaxation and spin-lattice (or longitudinal) 
relaxation. Both happen in parallel and another signal cannot be observed until 
full equilibrium within the system is recovered.
The spin lattice relaxation has the resulting effect of the re-establishing the 
magnetisation completely in the z direction. The maximum longitudinal 
magnetisation is returned (figure 3.7 (a)). This happens because the energy that 
was obtained by the protons from the applied r.f. signal, is transferred to the 
surrounding lattice in the bulk structure of sample of the molecules inside the 
magnet. The time it takes for this to happen is quantified by the time constant Ti.
( h )(a.)Figure 3.7: Relaxation Mechanisms, (a) the effects o f spin lattice relaxation 
quantified by time constant -  Tj. (b) the effects of spin-spin relaxation 
quantified by time constant -  Tg
Spin-spin (or transverse) relaxation results in the complete disappearance of the 
transverse magnetisation in the x and y directions. It is caused by the exchange of 
energy between neighbouring spins. This happens because of localised effects 
between the protons as different molecules have varying magnetic fields due to 
differing environments. Thus, the spins become randomly distributed again
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because of inhomogeneities both in the external magnetic field and in localised 
magnetic fields. The incoherence of all the spin precessions in the x-y plane will 
decrease the magnetisation to zero as the protons totally dephase from each other 
(see figure 3.7(b)). The time constant used to quantify this is T2 .
Ti and T2 are very sensitive to molecular motion. Therefore, the signal 
difference is strongly correlated to molecular motion and provides an excellent 
way of distinguishing in different states: bound; confined; free. This was 
described by the Bloemberg, Purcell and Pound (BPP) theory which states that 
for very mobile (i.e. liquids) and very rigid (i.e. solids) macromolecules, Ti is 
typically of the order of 1-lOs. When the material is in an intermediate state, 
somewhere between being very fluid and a rigid solid, then Ti reaches a 
minimum value of the order of milliseconds. T2 on the other hand, has a very 
short value for solids, being as low as in the microsecond range. In liquids the T% 
values can be of a similar value to that for the Ti time, as high as 1 0  seconds.
3.2.7 BLOCH EQUATIONS Revised
The mathematical effect of Ti and T2 relaxation can be shown by modifying the 
Bloch equations in the previous section 3.2.4. During the period when the r.f. 
pulse is being applied (Bi) and the effects original external field (B o) is also 
being felt by the system, the previous equations of motion (3.19) in the 
laboratory frame of reference become:
dM M" ■ = Y [MyBo + MzBi sin coot] -■ *dt T2
dM, M,— ^  7  [MzBix cos ©ot -  MxBo]
dM M — M,\— y [- M yB iy sin ©ot -  M xB ix cos © o t]   — -  (3.21)
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In the rotating frame of reference these equations would then be modified as the 
following:
dt Y X2
^  =  Y M z B u  - yM x (B o - dt Y T;
- YMyB,.- (3.22)
The system returns to its equilibrium state (M o) by going through an exponential 
relaxation process, with time constant Ti for the parallel component and Tg for 
the perpendicular component.
If there is enough energy applied to the system via the r.f. pulse then it is possible 
to completely decrease the magnetisation M% to equal zero. So following r.f. 
pulse where Mg (0) = 0, the solution to the above equations and therefore the 
subsequent regrowth of Mg as a function of time after its displacement is given 
by:
= (3.23)
There is no magnetisation in the transverse planes of x and y after a complete Ti 
recovery and the system returns to equilibrium. The T% effect on a signal after the 
application of an r.f. pulse can be seen below in Fig 3.8. In this figure it can be 
seen that the graph reaches a maximum plateau at the equilibrium state Mo and 
the Ti is defined as the time that is required to change the z component of the 
magnetisation by a factor of e.
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Mo
M z =  M o [l-ex p (-t/T ,)]
Time (t)
FIGURE 3.8: Representation of Ti recovery process of system after a 90® RF 
pulse. The signal recovers exponentially as = Mo [l-exp(-t/Tj)]. At time t = 
T] after the pulse 63.2% o f the magnetisation has returned to the equilibrium 
state and realigned itself with the magnetic field Bq.
In addition to the net magnetisation returning along the z axis the spins within the 
net magnetisation dephase as they experience a slightly different magnetic field 
and rotate at their own Larmor frequency. This phase difference becomes greater 
with time and so the magnetisation in the x-y plane decreases over this time. The 
time constant for this process is T] or the spin-spin relaxation time. The 
magnetisation in the x-y plane following a pulse decreases over time according 
to:
(3.24)
where e  ^ % is known as the spin-spin decay factor. The T2 is what defines the 
decay. This again can be visualised graphically as shown in Fig 3.9, where the 
graph starts from Mo and assymptopically approaches zero, at which point the 
longitudinal magnetisation has grown fully along the z-axis to become Mq.
Mxv =  M oexp(-t/T 2)
Time (t)
FIGURE 3.9: Representation of T2 recovery process of system after a 90® RF 
pulse. The signal decays exponentially as Mxy = Moexp(-t/T2). At time t = T2 
after the pulse  ^the signal has decreased to 36.8% of the original signal.
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As stated previously, T2 is caused by the dephasing of the spins. Commonly, 
inhomogeneities from the external magnetic field (imperfections due to the 
instrumentation) or diffusion occurring within the sample also affect the signal 
by promoting this dephasing. When this occurs, T2 is replaced by a smaller 
relaxation time known as T2 *:
1
where = 1yAB(, 
inhomogenities.
(3.25)
and A Bo is the change of the magnetic field due to
3.3 Magnetic Resonance Imaging and Gradients
So far the techniques talked about only give a measure of absorption of energy 
by the material and the associated relaxation in the magnet (Figure 3.10). The 
nuclei of different elements have a different Larmor (or processional) frequency 
when placed in a magnetic field. Protons within the nucleus will absorb energy 
only from r.f. signals that match their Larmor frequencies. When the excitatory 
r.f. signal is switched off, the protons return to their lower energy state and emit 
an r.f. signal also equal to their Larmor frequency. This can be useful when 
trying to distinguish between different elements, as each one has different 
characteristic behaviour. But this technique does not give any information as to 
where in the sample the molecule is, it only provides a measure of the absorbed 
frequency (figure 3.10). Spatial resolution can be achieved by applying gradients 
to the magnetic field. A coil along each of the three axes is used to provide 
linear variations in the magnetic field strength.
Iy
X(a)
FTS(t)
(b)
&
CO □
FIGURE 3.10: Spectroscopy Resonance Signal. A circular sample placed in 
the magnetic field such as that in figure (a). After an r.f pulse is applied to the 
sample an FID signal is detected (b). Once a ID Fourier transformation (FT) 
is performed on the signal  ^ it becomes a measure of absorbed energy at a 
certain frequency with no spatial resolution.
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By applying a constant magnetic field gi*adient that increases the field strength 
along the chosen axis, either x, y or z Bq (i.e. Bz) will be affected as described by 
the following:
G x = - ^  (3.26)OX oy oz
where Gx,y, z is linearly applied gradient in the respective x,y and z directions, the 
Larmor frequency of the spins will be linearly proportional to their position. The 
local Larmor frequency at a postion (r) along the giadient can be defined as
m(r) = y B o  + yG.r (3.27)
where m(r) is the Larmor fr'equency of the spins at the chosen position, G is the 
linearly varying field (gradient) and r is the position of the spins in any direction 
(x, y, or z) (Callaghan, 1991).
3.3.1 Conventional Imaging k-space
As the NMR signal begins in a time domain with the FID signal, it has to be 
converted into the frequency domain to be able to see the frequency components 
of the sample after the giadient(s) have been applied to the system. A Fourier 
Transfoimation (FT) of the received signal from the sample separates it into a 
series of waves each according to their frequency, phase and amplitude. The FT 
of the signal in the time domain can be represented in the equivalent frequency 
domain by a series of peaks of various amplitudes. In MRI the signal is spatially 
encoded by changes of phase/fi'equency which is then unravelled by performing 
a 2D FT to identify pixel intensities across the image.
When in the time domain, the signal is referred to as being in “k-space”. K-space 
is where the MR wave signals received from the sample are stored. Each wave 
has a number (k) that is related to the frequency that the wave is travelling at. 
The wave number is the number of complete wave cycles that exist in one meter
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of linear space (cycles m"^ ). K-space is a plot of all the possible wave numbers. 
Although some waves will have the same number, they could have a different 
phase which would distinguish one wave from another. By spatially encoding the 
data only the frequencies specified are included in the construction of the end 
profile or image.
After the signal goes through the FT it is then in the firequency domain and is 
referred to as being in “real space”. The Fourier transformation the signal has to 
go through in order to go fr'om one domain to the other takes the form of:
S (m )  =  J s ( t ) e ^ “'®^Mt =  U ( (0 ) +  iV ( 0) ) ( 3 .2 8 )
0
where U (c ù )  is the real part of the signal and V (c o )  is the imaginary part of the 
signal. S(cL)) is the spectrum and s (?) is the measured signal. In a linear gradient 
CÙ is proportional to position. This can then be converted to distance so that the 
profile of the sample can be plotted, intensity against distance
As before, by taking a point (r) on the linear field gradient in the x direction, the 
resonating frequency can be written as:
© = yG,r (3.29)
So for an FID signal in the presence of a gradient in the x direction equation 
(3.28) then becomes:
Let k = yGxt and consider S’(k) = S(k/yGx)
S(t) = S(k/vG J  = S'(k) = ]p(r)e'-’'"=>dr ( 3 .3 0 )
A spatial profile of the spin density, p (x), can be constructed from the original 
frequency profile of the sample, with the resolution of the image being along the 
x-axis using the inverse of equation (3.30)
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p(r) oc ^  JS’(k)e^'^dr (3 31)
3.3.2 Slice Selection
A slice within the sample that is to be imaged has to be chosen. This is achieved 
by exciting the spins within a chosen plane using an r.f. pulse in the presence of a 
constant gradient. The gradient applied to the sample in the direction of the 
required slice would change the frequency of the spins along the sample and 
enable a band of frequencies to be isolated. The thickness of this band or slice is 
determined by the bandwidth of the r.f. pulse and the gradient strength across the 
sample.
CD
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gradient
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gradient
CO □
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(a) Varying 
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Bandwidth
Figure 3.11 : Slice Selection of Sample. The width of the sample slice selected 
will vary according to (a) the strength o f the applied gradient (shown as the 
solid red lines) Le. a low strength gradient will excite a thicker slice than a 
higher strength gradient This is shown by the width of the black dashed lines 
and (b) the bandwidth o f the frequency o f the r.f pulse; a wider bandwidth will 
excite a thicker slice than a smaller bandwidth^ this difference is shown by the 
width o f the black dashed lines intercepting the constant gradient (the solid red 
line).
For example, figure 3.11 (a) shows how with a high gradient strength the 
thickness of the slice would be thinner than with a lower strength gradient. This 
is shown with the black dashed lines in the diagram. A similar effect can be seen 
in figure 3.11 (b), where the bandwidth of the frequency of the r.f. pulse is 
changed, but the gradient is kept constant.
3.3.3 Frequency Encoding
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After the slice gradient has been turned off, another gradient known as the 
frequency encoding or the readout gradient, is applied. This gradient has to be 
perpendicular to the slice select gradient, conventionally it is applied along the x- 
axis. The frequency of the spins across the selected plane will change according 
to position.
y
co(x)(a)
Figure 3.12: Construction of a ID Magnetic Resonance Profile, (a) a 
cylindrical sample aligned along the z-axis (b) the resultant frequency plot of 
the spins within the sample  ^where p is the spin density at frequency co.
Now the signal obtained from the sample will be an FID, but will also contain 
contributions from each of the x positions within the sample. So the FID will be 
constructed of signals with varying amplitudes and frequencies. Once converted 
from a time domain signal (the FID) into a frequency domain signal by an FT, a 
one dimensional profile of the sample is produced (fig 3.12).
3.3.4 Phase Encoding
In order to construct a two or a three dimensional image a phase encoding 
gradient has to be applied to the system. This gradient is applied before the read 
out gradient but after the slice select gradient. This gradient has to be applied in 
steps of increasing strength to each of the frequency encoded columns in the 
sample, conventionally this gradient is applied along the y-axis. This is done so 
that although the protons could be spinning at the same frequency within the 
sample, they would be slightly out of phase with other protons affected by this 
new gradient (Figure 3.13).
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Figure 3.13: Phase Encoding of Signal. A gradient is applied along the y-axis 
induces a phase difference in the spins within the sample so that spins with the 
same frequency can have a different phase. This enables spatial information of 
the sample to be resolved after the signal has gone through an FT.
The position of the signals’ origin can be found by analysing the phase changes 
and the signal amplitudes related to these changes. The degree to which the 
spins are dephased by is dependant on the duration and strength of the applied 
phase encoding gradient.
The magnetic resonance signal received will now contain phase and frequency 
information from the sample. This information can be separated and analysed 
using a Fourier Transformation. As there are two orthogonal gradients that are 
applied during the frequency and phase encoding, the MRI data has to be 
considered as lying in a 2D k space. The protons within the sample can now be 
spatially resolved in two dimensions. For a three dimensional image, phase 
encoding is used in the third plane to label the protons.
3.4 Relaxation Weighting / Image Contrast
In samples such as biological tissue, the proton spin density ( p ) does not differ 
much from one type of tissue to the next. Continuing with tissue types as an 
example, it is possible to distinguish between two different tissues by their 
different relaxation properties, T% and Ti. These relaxation times are dependant 
on the surrounding environment of the nuclei and as such are properties that 
differ widely from tissue to tissue. For instance the T% and T] values of free 
water are a lot longer than that of fat. The molecular mobility of the protons 
within the water is greater and because of this it takes a lot longer to return to
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equilibrium. Water has a Ti of approximately 2 sec and T2 of 60msec compared 
to the less mobile protons within the fat. The protons in the fat are relatively 
fixed in place and take a shorter time to return to equilibrium (Ti of 
approximately 0.25 seconds and T2 of 20msec).
The T2 relaxation signal from the protons can be manipulated by a series of r.f. 
pulses to obtain a signal that is captured by a detector and sent to the computer. 
These pulse sequences are especially useful when looking at biological tissue as 
some may have similar T % values but they will have different T2 values.
3.4.1 Spin Echo Pulse Sequence
Signals can be recorded at different times following initial excitation. This is 
generally done using refocusing pulses in so-called echo sequences. Signals 
from species with shorter T2 are attenuated, but not eliminated altogether. The 
resultant signal contains contributions only from with sufficient molecular 
mobility that have T2 times comparable or longer than the echo.
T .
2x
signal- i90, iSOy
(Te/2)FID spin echo
Figure 3.14 Hahn Spin Echo Timing Diagram. A 90  ^r.f, pulse is applied to 
the system. An FID signal can then be detected. After time r  (or TE/2) a 180° 
RF pulse is applied. This forces the spins to rephase and produces an echo 
signal at time 2 t  (or TE).
The spin-echo sequence (see Figure 3.14) begins with a 90® r.f. pulse applied into 
the system which flips the bulk magnetisation into the x-y plane. Immediately 
after the pulse, the spins start to dephase, and disperse in the x’y plane, with 
some going slower than others. At this point an FID signal can be detected. 
After a period of time (x) or TE/2 (where TE is the echo time), another rf pulse is 
applied. This time it is a 180° pulse applied along the y' axis. This second pulse
57
Chapter 3 -  Magnetic Resonance Theory
As can be seen bom the timing diagram (fignre 3.17), the slice select gradient 
(Gs) is on at the same time as all of the r.f. pulses. The phase encoding gradient 
is only applied in between the 90° and the second 180° pulse. This is because 
there is no transverse magnetisation after the first 180° pulse. The FID signal 
after the 90° is not used only the echo is recorded.
3.4.3 Gradient Echo
The gradients do not need to be static; they can be pulsed on and off during and / 
or between an applied r.f. pulse (figure 3.18). By using a series of these pulsed 
gradients in the system, spatial information can be encoded into the r.f. signal 
emitted by the sample.
gradient
signal
RF 
pulse
FIGURE 3.18: Pulsed Gradient. Here the gradient is switched on immediately 
after the r f  pulse. The FID signal that is detected now carries different 
frequencies within it.
Instead of using r.f. pulses to rephase the spins in the sample, a rephasing 
gradient pulse could be used instead. An initial r.f. pulse is applied to the system 
that flips the net magnetisation by 90°. At this point the spins are in phase with 
each other. A gradient is applied straight after the r.f. pulse ends. The spins 
dephase with each other because of the effect of the gradient. Now the frequency 
of the spins is dependant on position. The applied gradient is then reversed. 
This brings the spins back together to rephase. An echo signal is produced at 
time 2 t .
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r e c a l l e d  e c h o
Figure 3.19 Gradient Echo Timing Diagram. A 90^ * r.f, pulse is applied to the 
system. An FID signal can then be detected. A gradient is applied at the end of 
the r.f. pulse. This forces the spins to dephase. After a time r, the gradient is 
reversed which forces the spins to rephase in the transverse planes and 
produces an echo signal at time 2t .
3.5 Stray Field Magnetic Resonance Imaging
When two magnets are side by side as in figure 3.20, the magnetic fields at the 
ends provide a naturally high gradient in the centre where they meet. This area is 
known as the fringe or stray field. This stray field is a feature of all super 
conductive magnets outside of the central region, which would be normally used 
in imaging. Gradients as high as 60T/m can be attained. In such a large gradient, 
the spatial localisation of the spins is relatively simple, as the r.f. pulse will only 
excite a thin slice of the sample orthogonal to the gradient. The sample would 
then have to be repositioned a little further up within the field and the 
measurement repeated in order to acquire a full profile of the sample built up 
from the slices. A great advantage of stray field imaging is the resolution that is 
achievable. The large gradient produced can be used to acquire very high 
resolution images of these slices, in the region of 10pm.
Figure 3.20: Magnetic Stray Field. The fringe /stray field at the end of two 
magnets which provides a naturally high gradient. This gradient can be used 
to produce high-resolution images o f slices through a sample.
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An FID cannot usually be observed in such high gradients so an echo train is the 
preferred foim of acquiring the NMR signal. A train of echoes can be obtained 
by applying a series of equal and powerful r.f. pulses. The most used pulse 
sequence when imaging with a sti'ay field is
90°x T ( 90°y T echo r)n
At T after the 90°y pulse a maximum signal can be detected due to a majority of 
the protons regaining phase coherence. The above sequence produces a train of n 
echoes. Usually repeated 16 times and the signal decreases with thne until the 
protons in the sample reach equilibrium. This requires a time of T2 .
The corresponding intensity-distance plot is a T2 weighted profile and contains 
contributions only firom with sufficient molecular mobility to give the longer 
T2 . hi the experiments reported in this thesis multiple echoes are recorded at 
different echo times are added together so as to improve the signal to noise ratio 
of the data and to provide a crude T2 weighted profile (details of profile 
reconstruction is given in Chapter 4). The area underneath the profile gives a 
measure of the total spin density of the mobile spins measured.
The profile resolution (R) is deteimined by the gradient strength by:
R = 7 -----------  (3.32)
'^y^G xSIxD W
where y = magnetogyric ratio
G = magnetic field strength
SI = number of points in the signal
DW = dwell time between the points in the signal
Andre Samoilenko et al first suggested the use of stray field for imaging in 1987. 
Since then it has been commonly used to image materials such as cements and 
polymers for a range of uses from civil engineering to biomedical materials 
(McDonald and Newling 1998, Pereha et al 2002). Stray field imaging was first
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used at Surrey University to investigate the hydration properties skin by Dias et 
al in 2003.
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Chapter 4
METHODS AND MATERIALS
4.1 GARField Instrumentation
All experiments in this thesis were conducted using a GARField magnet (Gradient AX 
/right Angles to the Field). This is a specially constructed permanent magnet system 
that was designed and built at the University of Surrey in collaboration with Dr Peter 
Aptaker* of Laplacian Ltd (Glover et al, 1999). It was constructed so that a 
permanent high magnetic field gradient could be achieved due to the unique shape of 
the convex pole pieces (Fig 4.1). Thus enabling the magnet to obtain high resolution 
profiling of thin planar samples. It is essentially a small-scale strayfield magnet with 
tapered pole pieces which are permanent magnets made from NdFeB (neodymium 
iron boride). The field strength, Bq, at the operating point is 0.7 T and the gradient 
strength, Gy, is 17 T/m. This allows typical pixel resolution of the order of 6 - 20 
microns in profiles recorded over 1 to 40 minutes (dependent on the number of repeat 
measurements acquired for averaging) for echo times of the order of 80-500 ps.
i
(c)
FIGURE 4.1: GARField I and II. Photographs o f GARField I  (a) in situ (b) view 
from above the pole pieces where sample is insertedfc) Photograph o f GARField II 
with open access at the sides, the permanent magnet protected by the plastic side 
shields.
*Formerly o f Resonance Instruments at the time GARField was designed and built, but now of  
Laplacian Ltd.
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The experiments detailed in Chapters 5 and 6 were conducted using a small bench-top 
GARField magnet (GARField (I)) as seen in Figure 4.1 (a) and (b). The in vivo 
experiments presented later in Chapter 8 were conducted on a larger open-access 
GARField magnet (GARField (II)) as seen in Figure 4.1 (c). This larger magnet was 
not enclosed to enable greater access to the magnet. The characteristics for this 
magnet are discussed in a later section of this chapter (see section 4.5).
4.2 GARField I
The sample mounting for GARField I is shown schematically in figure 4.2. The 
sample is placed on a glass cover slip which then sits flat in the magnet. A marker 
tape lies between the sample and the 3 mm diameter planar radio-ffequency excitation 
and sensor coil. The tape is routinely used as a position reference and for checking the 
alignment of the mounting stage. Profiles are acquired through the thickness of a 
central area (circa 3 mm diameter) of the skin. The profiles are resolved spatially in 
the direction perpendicular to the slice. Samples can be up to 800pm thick and slices 
through the sample of approximately 200pm are achievable with a 1-9 minute time 
resolution.
Pole
Samplemarker tape
RFCoil
co
oCL
Signal intensity
FIGURE 4.2: Schematic Diagram of Sample in Magnet. The sample is placed on 
top o f the coil in the middle o f the poles with the magnetic field (Bq) across the 
sample horizontally. The radio frequency field (Bj) and gradient (Gy) are 
perpendicular to the sample.
The probe with the radio frequency coil attached is placed in between the pole pieces 
so that the sample can then be placed on top of the coil on the probe in the middle of 
the magnetic field (Fig 4.2). The magnetic field (Bq) produced by the poles acts 
across the sample to align the nuclei of the sample. The Bi is in the vertical direction, 
parallel to Gy and orthogonal to Bq.
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4.2.1 GARField (I) Probes
The basic design of the probe used throughout the experiments is a support frame with 
the radio frequency coil situated in the centre suspended into the magnet. The RF coil 
is connected to an NMR spectrometer. A multiplexer directs NMR excitation pulses 
to the sample coil and passes the detected signals back to the spectrometer. The radio 
frequency pulse is amplified by a power amplifier. The peak pulse power is circa 
300W. The signal from the sample is amplified as it is very small and then 
demodulated and sent to the computer to be recorded as an echo signal.
The main probe used through out the experiments has a plain support frame with the
radio frequency coil situated in the centre (figure 4.3).
.e______________95mm_________________ ^
80mm
%
3mm
Support
frame
Tuning
capacitor
^ Marker tape
80mm Transmitting / Receiving  coil
Figure 4.3: Basle Probe. Diagram o f probe with dimensions. In the middle o f the 
lower end o f the support frame is coil. A marker tape to help with positioning o f the 
sample is situated over the coil. To the right side of the support is the tuning 
capacitor of the coil to set the resonance.
As the coil on the basic probe is completely open to the surrounding room conditions, 
it is therefore necessary to keep these conditions as stable as possible. In the 
laboratory, the temperature is kept at 21°C by the air conditioning units. However 
there is no control over the relative humidity (RH) so this can vary significantly with 
the weather outside.
A second probe was also used in the relative humidity experiments. This one had a 
similar structure to the first, only the sample space was enclosed by the addition of a 
polystyrene mould around the coil in order to attempt to control the RH environment
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(fig. 4.4). The sample had to be lowered down to the coil on a specially designed 
holder.
Air from Outlet for air to escape into
humidifier surrounding atmosphere
65mm
15mm
63mm
32mm
8mm RH Sensor80mm Coil: 3mm23mm
Figure 4.4: RH Probe. Diagram of RH probe with dimensions. The sample was 
lowered down to the coil through the cylindrical gap (blue shaded area in diagram) 
in the polystyrene mould (white area in diagram). The sample sits just above the 
coil. Air from the humidifier flows down to the sample (red arrows) and then 
escapes through the outlet on the opposite side (pink arrows). The RH sensor gave 
an indication of the RH value at the sample point.
4.2.1.1 Relative Humidity Sample Cell for Open Probe
Two systems were used for the hydration experiments to investigate the effect of 
changing the humidity of the environments of the skin samples documented in 
Chapter 5. The first system was one in which the sample was placed in an 
environment with a fixed humidity for a period of time. This was achieved by using 
desiccators, which meant removing the sample from its enclosed environment and 
placing it in the uncontrolled lab environment to acquire the profile. A variation to 
this theme involved using a specially designed Perspex cell. This aimed to try and 
eliminate the previous source of error which was introduced into the measurements by 
moving the sample from a controlled to an uncontrolled environment.
The aim was to produce a cell that would be capable of holding a small amount of 
saturated salt solution beside the skin in the magnet, so as to have a sealed and 
controlled environment. In this way it would be easy to ascertain the RH inside the 
cell, and acquire profiles during the experiment. This would eliminate the systematic
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error introduced by moving the sample between two different environments as with 
the use of the dessicators.
The cell (figure 4.5) was constructed from Perspex and was purposely built to fit the 
probe. Two wells at either side of the sample allow the RH salt solutions to wet the 
atmosphere within the cell without contaminating the skin sample via water droplets 
from any tubing. The RH solutions could be pippetted in and out of the wells without 
disturbing the sample and its alignment inside the magnet. The cell was sealed with a 
Perspex lid using a small amount of Vaseline around the rim. The sample slotted 
through a small opening on the front of the cell and sat on a small rest just over the 
coil. Tape was used to seal the small gap in the fi*ont of the cell through which the 
sample was slotted. The gap was situated in front of the sample rest, which fitted 
snugly around the coil, holding the sample as close to the coil as possible, ensuring a 
strong signal was obtained.
53mm____
Cell lid
59mn
30mn
10mm
18mn
20mm
.Salt solution
.Sample Glass slide
Figure 4.5: New cell for RH measurements. The new cell was made from Perspex 
with a well at either side o f the sample rest to hold the RH salt solutions that control 
the atmosphere within the cell,
4.2.1.2 Continuous Flow system for Relative humidity studies
The second system used a continuous flow of air passing over the sample. The air 
went through a simple process during which wet air and dry air were mixed in 
appropriate proportions with each other to produce a humid effect at the point of the 
sample. Profiles of the skin were acquired during this process.
The experimental set up used for the continuous flow system of relative humidity 
control is shown in figure 4.6. The dry air was provided by a pressurised gas outlet on
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the wall of the lab and flowed through the humidifier according to the two flow meter 
settings on the front of the humidifier. One flow meter regulated the dry air supply; 
the other regulated the flow of dry air through water so as to make the wet air supply. 
The flow meters were controlled by valves, the tightening of which would decrease 
the air flow, allowing the regulation of the air supply in both the wet and the dry air. 
The humidifier was connected to GARField via an inline heater to help boost the 
temperature and keep the humidity constant during its transfer through the tubing. 
The air was then blown over the sample in GARField.
Pole Piece
Humidifier
Mxed air at 
controlled humidity
RH Sensor 
9-Gdil
Figure 4.6: Experimental Set-up. The humidifier was set with regards to the 
reading from the RH sensor above the coil in the probe.
4.2.1.3 Drying probe Sample Holder
A dedicated perspex holder was made to exactly fit the probe used for the continuous 
flow experiments, by the workshop within the university. The design can be seen in 
Figure 4.7. The sample on the glass slide could be gently placed into the central 
spacing situated over the coil, and sit between the lips through the small opening in 
the fi*ont. The space also served the purpose of allowing air from the humidifier to be 
passed over the sample; the air then escapes through the hole in the middle of the 
holder. Circular glass slides of 13mm in diameter were needed to fit the sample 
holder.
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14.5mm 
<   ►
5mm
13.5mm 10.5mm
15mm
■ 0.2mm
Figure 4.7: Perspex Holder for holding skin sample inside Probe 
The skin sample was put on a glass slide 13 mm in diameter y which fit into the space 
between the two shelves on the bottom of the holder. The air would be blown gently 
over the sample and escape through the centre of the holder out into the 
atmosphere of the lab.
4.2.2 Parameters
The coil was tuned to exactly the same frequency as the resonance of the sample i.e. 
the Larmor frequency. In the experiments reported here, MR signals were acquired 
using a standard quadrature echo pulse sequence: [[90% -  (t -  90y -  x -  echo-) „] -  
xrdJwi. Here, 90x/y is a radio frequency excitation pulse of nominal flip angle 90° at the 
sample centre and relative phase x or y. Typically, the radio-frequency pulse length 
used was 1 ps. The resulting bandwidth was IMHz which equates to circa 250G or 
1.4mm in the 1700G/cm gradient. The receiver bandwidth was adjusted slightly, so 
that the useful system bandwidth equates to about 1mm. The time (x) between the 
pulses is important. If it is set too long or too short then the echo signals from the 
sample will not be optimised. The value chosen has to be large enough to take in to 
account the ‘dead time’ of the instrumentation. The ‘dead time’ is the period in which 
the receiver remains saturated by the transmitter pulse, during which it is not possible 
to obtain a signal. The value of x must also be long enough that sufficient spatial 
resolution is encoded. However, it can not be longer than T2 of the sample under 
investigation, xrd is the repetition delay between primary excitations. For each 
primary excitation, n echoes are acquired and the measurement is repeated m  times. 
Hence each measurement takes (2riT  + «  m seconds to complete.
As previously discussed, it is the echoes of the primary signal from the ^H inside the 
sample that are recorded. The number of echoes (n) detected can be programmed and 
the number of times these echoes are recorded can be set by changing the number of 
scans (m), since the greater the number of scans, the better the signal averaging. If
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the sample has a weak signal then more scans are required to obtain enough 
information for a reliable profile to be built up.
The complete pulse sequence can be seen in Figure 4.8. A 90% rf pulse is shown to be 
introduced into the system, then after a period of time (t) another rf pulse (90y). After 
after a second pause of r, an echo signal is induced. In these experiments, for each 
echo signal detected, 256 acquisition points were recorded. The time between these 
points determined by the dwell time which was set to 0.7ps. The whole sequence of 
events was repeated after a pause (xrd).
90' 90' 90' 90'
Echo Signal Echo signal
■X- -► 4-
Figure 4.8: Representation of pulse sequence used by GARField in the presence 
of a gradient.
The principal parameters that were used in the results obtained are derived from the 
timing parameter sets, PI and P2, listed in Table 4.1. Sets P3 and P4 were used 
initially but the most useful results were with PI and P2
The scans were taken according to the parameters and a script was written to set a 
time period for the scans and the spacing between them.
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Table 4.1 Variable MR Profile parameter sets used during experimentation
Parameter Set
PI P2 P3 P4
x(ps) 150 500 500 500
Xrd (ms) 250 250 100 150
Number of echoes, n 16 16 8 16
Number of averages, m 2048 8192 16384 2048
Temporal resolution 
(mins)
8 37 30 30
Spatial Resolution (Pixel 
size) (pm)
7.5 7.5 7.5 7.5
4.2.2 PROFILE CONSTRUCTION
Using the aforementioned pulse sequence (see section 4.2.2), a profile of the 
hydrogen within the skin can be produced. The first stage in the processing of the 
signal towards creating the profile is the detection of the raw echoes that are the 
original signal collected from the skin sample using the GARField magnet. The 
modulus signal from a typical sample can be seen in Figure 4.9 (a). From the 
parameters programmed into the computer, a total of 8-16 echoes are collected from 
the sample, in this case there are 16 echoes. The signal from the sample decreases 
with time due to the hydrogen atoms returning to their equilibrium state inside the 
sample.
To analyse the data, each (averaged) echo was separately processed by a Fourier 
transformation thus changing the signal from the frequency domain to the time 
domain. This then yields a 1-dimensional profile through the skin, as in Figure 4.9 
(b). Profiles from different echoes were co-added to improve the signal-to-noise ratio.
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For the x-axis values, which shows the position of the sample, equation 3.32 from 
Chapter 3 was used. The profile resolution was calculated to be 7.5pm for all 
parameter sets used and the field of view to be 1920pm. The small signal in fi'ont of 
the skin sample is the marker tape that is permanently over the coil. The signal firom 
this tape should stay constant and not move, but the signal may slightly diift over time 
if there is a change in the surrounding temperature. For this reason the tape is used to 
line up profiles with each other.
In figure 4.9 (c) there is a profile of a piece of mbber. The x-axis is a measure of the 
distance of the sample firom the coil. Although the distance is relative to a zero 
dictated by the absolute position in the resonance at the Larmor fr equency in the field 
gradient and this need not be at the coil. So by varying the frequency parameter, the 
profile can be shifted firom left to right. The y-axis gives an indication of the intensity 
of the magnetisation signal. The mbber was used as a phantom as it gave a huge 
signal, enabling it to be easily identified. It also has a flat edge which is useful to 
ensiue that the coil was positioned correctly inside the magnet. The mbber was 
placed directly on top of the coil to give the best signal. The marker tape can also be 
seen in front of the mbber profile. It is important that this tape signal is lined up with 
the tape signal firom the sample profile.
The final figiue (fig. 4.9 (d)) in this series is the normalised sample profile, this is 
achieved by dividing by the phantom profile of the mbber. The intensity of the 
sample changes with the position of the sample, the extent of this change can be 
minimised by normalisation of the sample. This “nomialisation” process gives a 
realistic value for the intensity of the signal detected from the sample in comparison 
to a known sample. The first points on the noiinalised sample profile are noise. The 
peak in the centre is the skin sample signal taken over a two-houi- period. It is the 
area underneath these peaks that is used, as although the position of the peaks can 
move slightly as the experiment progresses due to sample movement, the area should 
not. This area is proportional to the water content in the skin sample, i.e. the gieater 
the area the larger the water content. Moreover, profile intensities were normalised by 
the number of echoes and averages so that profiles from different numbers of echoes 
and averages could be directly compared.
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FIGURE 4.9: Profile Construction. Using only the real part o f the signal acquiredy 
shown in the above figures are: (a) The original signal (raw echoes) received from 
the sample (b) original skin profile after the echoes are processed with a Fourier 
Transform function (c) Rubber phantom profile used to find signal and to give a 
comparison for the skin sample signal (d) the resulting signal data is then divided 
by the phantom data to give a realistic 2D profile o f the sample.
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By discarding the noise at either side of the profile, the sample can be seen in clearer 
detail, as shown in Figure 4.10. Towards the lower end of the scale (-550 - -600pm) 
is the viable epidermis, as denoted on the figure. The signal from the sample towards 
the higher end of the scale (-600 —640pm), corresponding to a distance further from 
the coil, is the stratum corneum. This value for the stratum corneum is a little lai'ger 
than the normally quoted values of 10-20pm (Goldsmith,1983).
There are a few reasons for this broadening of the signal. The first is the levelling of 
the sample within the magnet. To achieve the spatial resolution given by the 
theoretical pixel limit (7.5pm), the sample has to be flat within the magnetic field. 
Adjustment screws are situated on top of the probe support, just outside the magnet. 
By finely altering the position of these screws, the height of the sample is changed, 
helping to level it within the magnet. Long periods of time can be spent adjusting 
these levelling screws. This is possible for test samples of liquid films held between 
two glass shdes, but impractical for skin samples as its properties would change in the 
interim due to dehydration. As it is the natm’e of the skin to have ridges on the upper 
surface (i.e. the stratum corneum)^ this side of the profile always looks less aligned 
than the front. Moreover, the underside of the skin is pulled flat to the glass substrate 
by surface tension which in turn exaggerates the roughness of the stratum corneum. 
These features are complicated with a broadening function (which varies from sample 
to sample) and for this reason the stratum corneum in particular appears somewhat 
broader than is expected.
Viable
Epidermis
Stratum
Corneum0.9
0.8
0.7
0.6
0.5
0.4
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0.2
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550 650 700
FIGURE 4.10: NORMALISED SKIN SAMPLE PROFILE the resulting profile 
of the skin sample after being normalised. The stratum corneum is to the left side 
of the figure and the viable epidermis to the right,
4.3 GARField II
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4.3.1 Probe
A new probe was specially constructed for GARField (II) in the university. The 
probe was made from Perspex. It was designed to be suitable as a support for a human 
arm to rest upon. Figure 4.11 shows the final design of the armrest that was made. 
The horizontal pieces were used to bolt the support onto the side of the magnet 
(making use of features already on the magnet) to try and give it more stability and to 
avoid it moving unnecessarily during an experiment. The radio frequency 
transmitter/receiver coil was embedded at the end of a perspex rod that was attached 
to the main support, with the electronic components at the support end of the rod. 
Later in the chapter, artefacts in profiles are shown which strongly suggest that an 
extra support was needed underneath the coil as explained. The height of the rod was 
important as this determined where the arm was between the pole pieces, which in 
turn determined the position of the arm within the gradient field. The frequency of the 
sample varies according to the gradient, therefore to ensure that it was the skin that 
was being profiled the frequency had to be reset accordingly.
95mm
4--------------- ^70mrr1
#
# • I 68mm
(a)
77mm
435mm
290mm
(b)
]
60mm
RF coil: 
8mm
FIGURE 4.11: Schematic diagram of perspex arm rest, (a) Frontal view showing 
main supporty outstretched side panels are bolted onto side o f magnet, and elbow 
rest in centre panel, (b) Side on view showing probe with placement o f RF coiL
Photographs of the GARField (II) magnet can be seen in Figure 4.12, which shows 
the support bolted onto the side of the magnet, a human arm would rest on top of this 
during the experiments. In the background, is the copper shielding used in an attempt 
to reduce background noise.
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FIGURE 4.12: Photograph of armrest affixed onto the Garfield II 
4.3.2 Parameters
The parameters used for GARField II were similar to that used in parameter set P 1 as 
previously discussed in section 4.2.2. With GARField (II) the same x and trd 
values were used. Other values were slightly altered to obtain the best signal possible. 
One profile took approximately 7 minutes to acquire with the parameter values 
specified in Table 4.2.
Table 4.2 Table of Parameters used in all experiments using GARField II
Parameter Value
P90&P180 2.1 ps
Repetition Delay 250ms
Dwell l.Ops
Tau 150ps
Number of echoes 16
Points per echo 256
Frequency 27.8MHz
Problems that were encountered and caused artefacts in the profiles were movement 
of the limb of the subject, involuntary movement underneath the skin due to blood 
flow or noise from surrounding equipment - as it is not possible to completely shield 
the machine and the subject with a Faraday cage structure or have a purposely built 
room as these are impractical within the current laboratory setting. The problem of 
noise from other electrical equipment was cut down dramatically by using copper
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sheeting on all sides suiTounding the magnet. The front of the magnet was left open, 
to be able to insert a limb into the magnet.
4.3.2 Profile Construction
As with GARField I, the x-axis values aie an indication of the position of the sample 
above the coil and were calculated using equation 3.32 from Chapter 3. The profile 
resolution was calculated to be 5.24pm and the field of view to be 1341pm.
In contrast to the profiles recorded with GARField I, the coil is situated at the end of 
the top of the scale on the x-axis, to the right side of the graph.
4.4 Samples and Materials
4.4.1 In Vitro Sample Preparation
Full thickness human abdominal skin was obtained following surgery. Samples were 
cleaned by first removing the subcutaneous tissue by way of blunt dissection. The 
epidermis was then separated from the dermis by immersing the skin in water heated
at 60°C for 1 minute, a method known as heat separation. After the immersion it is\
then easy to peal the epidermal layers from the dermis. Until required, the skin was 
frozen and stored. Hamson et al (1984), and Bany (1999) have shown that this 
method of storage does not affect the skins permeability. When needed, it was slowly 
defrosted overnight in a refrigerator. Once defrosted small pieces approximately 12 
xl2  mm^ were partially hydrated by floating them on a bath of de-ionised water for 
typically 30 minutes (fully hydiated samples were floated for 2hrs). If the skin is left 
to hydrate for ~4hours or longer, this results in disruption of the intercellulai* lipid 
lamellae (Warner et al, 2003; Chai'alambopoulou et al, 2004). Immediately prior to 
use, the skin samples were lifted onto a glass cover slip, usually with the stratum 
corneum uppeimost at the air interface. The skin was spread evenly on the glass 
ensuring that the sample was flat. It was blotted dry with tissue paper and generally 
profiled using GARField before any product was added.
Oils were gently applied to the stratum corneum typically at the rate of 10 \û I cm .^ 
This is higher but comparable to the amounts of product used in topical applications. 
In some cases, the samples were pressed flat to the glass using a small block of PTFE.
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Not only did this limit dehydration of the sample during the measurement process, it 
also served to keep the sample well aligned in the magnet. Alternatively, some 
samples were lightly sandwiched between 2 glass cover slides. Exact conditions aie 
described with the results for each experiment. Samples were weighed at every 
available opportunity so that hydration / dehydiation could be monitored 
gravimetrically. However, the samples were not generally weighed during a time 
course experiment as removing a sample from the magnet could introduce 
misalignment and re-positioning aitifacts.
In some cases, an attempt was made to exchange water hydi'ogen in the skin with 
deuterium (D or ^H). This was done by floating the sample on a D2O bath for 60 
minutes, renewing the bath with fresh D2O and then floating the sample for a second 
period of 60 minutes. In the case of these deuterated samples and also when using 
deuterated oils, attempts were made to limit deuterium exchange with the 
environment during measurements. This was done by placing the sample between two 
glass cover slips with the edges sealed using epoxy resin. Test NMR experiments 
showed that the sealing procedure was secure for several hours after an initial 
exchange period while the glue was setting (see results Chapter 5).
For each experiment detailed in the results chapters (Chapters 5, 6 and 7) there are at 
least three replicates n > 3.
4.4.2 In Vivo Selection of Volunteers and Ethics
Following the in vitro studies that are detailed in chapters 5 and 6, an application for 
ethics approval for the in vivo experiments was made. This took into account the 
Medical Devices Agency: Guidelines for Magnetic Resonance Equipment in Clinical 
Use (2002), for the main hazards associated with the proposed experiments. These 
were; the static magnetic field, the time varying magnetic field gradients, the radio­
frequency magnetic fields, pregnancy and exposure limits.
The normal field range of the static field (Bq) is within the range of 0.2 to 3 T, with a 
value under 2.5T stated to be “unlikely to have any adverse effect on health”. The 
operating point Bo was 0.7T, which was well within the safe range. As the gradient is
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static on the GARField magnet there was no concerns about time varying magnetic 
fields. With regards to the RF magnetic fields, the issue to be considered was RF 
heating. The maximum acceptable Specific Energy Absorption Rate is stated as 1 to 4 
W/kg. With the GARField II probe, a volume of approximately 0.2cm^ would be 
excited, with microsecond pulses from the amplifier and the duty cycle that would be 
kept below < 0.01%. The maximum power deposition was calculated to be of the 
order 0.15 W/cm^ ~ 150W/kg. This value is almost two orders of magnitudes more 
than the acceptable rate. However the volume is so small that the total power 
deposition is very small (0.03W) and deemed acceptable. As a precautionary measure, 
in order to remove any uncertainties, it was decided to only use male volunteers so as 
to avoid the issue of pregnancy altogether. It was found that the exposures as 
discussed here were all within the appropriate uncontrolled limits set by the NRPB 
1991 and m e  2000.
A copy of the finalised draft of the consent form, as approved by the ethics 
committee, is shown in Appendix A. It was compulsory for each volunteer to read and 
sign in agreement before participating in experiments.
4.4.3 Materials
In Chapter 5 saturated salt solutions were required to provide different relative 
humidity environments for the skin samples. For these solutions the following salts 
were obtained from Sigma-Aldrich: Magnesium Chloride (MgCl), Magnesium Nitrate 
Sodium Chloride (NaCl) -  75% RH, Lithium Chloride (LiCl), and silica beads -  3% 
RH.
The Deuterium Oxide (D2O) used in Chapter 6 was also obtained from Sigma- 
Aldrich.
For the experiments in Chapter 7, Mineral oil was obtained from Eggar Chemicals, 
UK, decanol from Fisher Scientific and glycerine from Uniqema (Pricerine 9091, 
Uniqema, Gouda, The Netherlands). Deuterated decanol was obtained from 
Cambridge Isotope Laboratories Inc. (USA); deuterated glycerine from the Russian
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Scientific Centre for Applied Chemistry and deuterium from Sigma-Aldrich. The 
Squalane was obtained from Acros Chemicals (Fisher Scientific). The particular* 
compound used in the experiments was extracted from sharks liver, so was the animal 
form of the chemical. A vegetable form of the oil is to be found in olive oil.
These materials were intended as model skin care ingredients and were used as 
received.
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CHAPTERS 
SKIN HYDRATION 
5.1 Relative Humidity -  Steady State System Using Desiccators
It was thought advisable to repeat experiments previously completed by Dias (2001), 
using both the coatings and the drying probe to ensure similar results could be 
achieved. Before being put into the respective desiccators, the skin samples were 
firstly fully hydrated (as described in Chapter 4). Then, as in the previous work, the 
skin samples were dehydrated in desiccators with silica gel (3%RH) and magnesium 
nitr'ate (MgNO) salt solution (53%RH). The samples were taken out from the 
desiccator, after being left to equilibrate for 2 hours, and placed into the respective 
probe approximately every hour for a profile to be taken. Replicates were done for 
each experiment to check for consistency in the results.
5.1.1 Results
Figure 5.1 shows the declining total integrated intensity of the signal from the 
samples that were left to dehydrate in the desiccators and the profiles taken using the 
coatings probe. It can be seen that the signal from the samples in the silica gel 
desiccator fall more rapidly than that of the samples in the MgNO desiccator as 
expected, inspite of having different start points. However, these results are not 
conclusive.
There are likely to be some discrepancies in the results as the samples had to be taken 
out of the desiccators to be transferred to the probe in the magnet and the desiccator 
would then be open to put the sample back after acquiring a profile. This opening and 
closing would mean that there would be a change of humidity within the desiccators 
and it would take some time for the RH within the desiccator to reach its equilibrium 
again. Furthermore, it was not possible to place the sample in the exact same position 
on the coil even though markers on the glass slide were used to try and place the 
samples in the same positions in the probe each time.
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FIGURE 5.1: Area vs Time Of Skin Dehydration. Areas o f profiles taken with 
coatings probe of skin samples left to dehydrate in dessicators.
The same experiment was repeated but using the drying probe without using the 
airflow, instead of the coatings probe, as the sample would be in a more enclosed 
environment. The samples were treated in the same way and put into the same 
dessicators of differing RH values as before but this time were put into the drying 
probe using the sample holder as explained previously in chapter 4. The results can 
be seen in figure 5.2. In the experiments, the samples in the silica bead dessicator had 
more signal initially, but this decreased faster than the samples in the MgNO
dessicator,
3àI ♦♦♦
10 20 30
Time (hrs)
♦ E(3%RH)
■ F(53%RH) 
A G (3%)
■ H (53%)
40 50
FIGURE 5.2: Area vs Time Of Skin Dehydration. Areas of profiles taken with 
drying probe of skin samples left to dehydrate in dessicators.
Towards the end of all the experiments it can be seen that the differences between the
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higher and lower humidity samples decrease as the samples plateau to a similar value, 
but it is clear that these experiments were not conclusive.
5.2 Relative Humidity -  Steady State System Using Humidity Cell
A control experiment to evaluate the effectiveness of the new perspex RH cell was 
conducted by placing a skin sample inside the cell with silica gel particles (inside the 
wells of the cell) providing a 3% RH environment. The opening through which the 
sample was placed was then sealed using sellotape, to ensure constant RH throughout 
the experiment without bemg influenced by the lab atmosphere. All the samples were 
placed in the cell with the epidermal side face down onto the glass slide so it was the 
stratum corneum that was exposed to the RH within the cell. All samples were 
prepared and treated in the same way. Experiments were started after one hours’ 
floatation on water and therefore, all samples were presumably fully saturated at the 
start with some additional free water present. An attempt was made to remove the 
excess water from the surface of the stratum corneum by dabbing it lightly with a 
tissue.
This experiment was then repeated for a high and a low relative humidity and several 
repetitions were completed for each. For the higher RH condition, a sodium chloride 
(NaCl, 75% RH) satuiated salt solution was added to the wells: a magnesium chloride 
(MgCl, 33% RH) saturated salt solution was added for the lower RH condition.
5.2.1 Results
Shown from the shape of the profiles in Fig 5.3 over time is that the dehydration of 
the sample began from the uppermost layers of the skin i.e. the stratum corneum 
layers as the profile width decreases fr om the right side of the sample. This decrease 
in width is more prominent within the first few hours. As the width decreases in 
these first profiles the peak intensity is seen to increase which could be due to some of 
the fr'ee water from the surface layers being absorbed into the skin as the sample 
would in some cases not have been fully hydrated from only 1 hour floatation on 
water. This pattern was observed in many of the samples at all RH values. It could 
also be due to either (i) a substantial lengthening of T2 or (ii) a shortening T% as the
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more mobile water was removed. The signal plotted is sum over all echoes and so is 
due to a complex interplay of water density and mobility.
0.152.055.22 7.75 10.28 12.18 15.35 17.25 20.42 21.68 22.3224.22
Position (um) 1150 1200
Figure 5.3: Example of skin sample in a 33% RH humidity with a long first 
gradient. The decrease in width from the right side o f the graph shows the drying 
of the free water on the top o f the stratum corneum. The increase in intensity in the 
first few hours is attributed to the absorption o f some o f the free water, further into 
the skin due to the partially hydrated state o f the sample.
0.152.055.227.7510.2812.1815.3517.2520.4221.6822.3222.95
1250 1300 1350 
Position (um) 1400 1450
Figure 5.4: Example of skin sample in a 33% RH humidity with a short first 
gradient. The decrease in width from the right side of the graph shows the drying 
of the free water on the top o f the stratum corneum. There is no increase in 
intensity in the first few hours, an indication that this sample was fully hydrated at 
the beginning of the experiment.
In Fig 5.5 the areas underneath the sample profiles of each of the previous figures are 
plotted against time and all further results are normalised to the initial signal intensity 
to account for systematic differences in the samples. It can be seen for each sample
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plotted there are two in gradient breaks suggesting (i) that again, free and possibly 
some other water evaporates from the surface water in the natural wrinkles of the skin 
into the environment of the cell due to the preparation of the sample and (ii) that 
perhaps the sealing of the cell is not perfect. For both the first and the second 
gradients were found by plotting a best-fit line. The values for the first gradient can 
be seen in Table 5.1 and the value for the second in Table 5.2. The average value for 
each RH was calculated.
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Figure 5.5 Samples in New RH Cell at a Single RH Level. Samples put into cell 
and kept at one RH level for a period of 24hrs, (a) 3%RH using silica beads in cell 
(b) 33%RH using Magnesium Chloride in cell (c) 75%RH using sodium chloride in 
cell.
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For the first gradient (Table 5.1) the average value was 0.03 a.u./hr for 33%RH and 
0.02 a.u./hr for 75%RH, a slight difference in value but as it is free water that is being 
evaporated off this is not surprising. For 3% RH the value of 0.07 was much greater 
than either of the previous two, by more than twice. This is more convincing evidence 
that the lower RH value evaporates the free water from the skin faster than at a high 
humidity.
In agreement with these results and even more convincing, are the values for the 
second gradient shown in Table 5.2. The average value for 3% RH was 0.213 a.u./hr. 
This was almost 2.5 times greater than that for the samples that were kept in the 33% 
RH environment and over 3 times as much at those in the 75% RH conditions. The 
average value for the samples at 33%RH was 0.088 a.u./hr, a value of 25% higher 
than that for the 75% RH which had an average value of 0.066 a.u./hr. Compared with 
the value for the lowest RH. This would suggest that if the lower the ambient 
humidity is then the drier the skin should be.
Table 5.1: Values for First Gradient. Gradients o f the best-fit lines plotted over the 
first gradient break in each sample after the areas underneath the profile curves
Sample
Number
f* Gradient (from 
best fit line) 
(a.u./hr)
Average Gradient 
Value (a.u./hr)
Standard
Deviation
3% RH
control 206 -0.053 0.07 0.025
208 -0.095
209 -0.092
210 -0.049
33% RH 151 -0.038 0.03 0.008
152 -0.039
153 -0.035
176 -0.022
177 -0.020
187 -0.028
189 -0.028
75% RH 164 -0.021 0.02 0.006
167 -0.021
175 -0.014
184 -0.020
185 -0.030
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Although there is not so much reproducibility between the samples from each RH set, 
as all the samples seem to reach a different equilibrium value at a different time. The 
gradients seem to be reproducible. This lack of reproducability could be due to bio­
variability, i.e. the skin thickness, which would affect its water holding capabilities 
within the tissue.
Table 5.2: Values for Second Gradient. Gradients of the best-fit lines plotted over 
the second gradient break in each sample after the areas underneath the profile 
curve was plotted against time.
Sample
Number
2”^  Gradient 
(a.u./hr) (from 
best fit line)
Average Gradient Standard 
Value (a.u./hr) Deviation
3% RH
(control) 206 -0.196 0.21 0.02
208 -0.202
209 -0.246
210 -0.207
33% RH 151 -0.109 0.09 0.05
152 -0.147
153 -0.126
176 -0.074
177 -0.060
187 -0.090
189 -0.106
75% RH 164 -0.071 0.07 0.01
167 -0.076
175 -0.052
184 -0.059
185 -0.061
186 -0.078
For both high and low RHs’, as with the previous results using the old method, the 
signal from the skin samples decrease to reach a plateau (figs.5.13 (a-c)). An average 
value for the end plateaux reached by each sample was calculated and then the 
average value at each RH was determined. Both values are recorded in Table 5.3 The 
higher RH solution samples have a slightly higher plateau than that of the lower RH 
sample (Table 5.3), with the lowest RH of 3% having an average value of half of that 
for the 75% RH conditions. Unlike the previous RH experiments it would seem the
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plateaux is reached as early as 7 hours for samples at 3%RH, -lOhrs for samples 151, 
152 and 153 at 33% RH and 18hrs for the higher RH, compared with 28hrs using the 
old method.
Table 5.3: Final Plateaux Values. The average equilibrium values for each sample
Sample
Number
Average Value o f 
End Plateaux (a.u.)
Overall Average 
Value (a.u.)
Standard
Deviation
3%RH
control 206 0.16 0.10 0.057
208 0.12
209 0.03
210 0.07
33% RH 151 0.20 0.15 0.043
152 0.18
153 0.17
176 0.09
177 0.14
187 0.09
189 0.15
75% RH 164 0.22 0.20 0.061
167 0.28
175 0.22
184 0.14
185 0.11
186 0.20
Before and after each sample was put into the magnet for the experiment, its weight 
was also recorded (see Table 5.4). There is a slight difference in weight loss between 
the sample left in the low RH and those left in the high RH conditions. The samples in 
the lowest RH lost the least weight and were also initially heavier (thicker). This is 
very surprising, however we are dealing with small mass change and there are likely 
to be significant errors. At both RH levels there was a range of differing values of 
weight loss depending on the samples ability to absorb water during its time of 
floatation prior to the experiment. It was not suitable to remove the samples during 
the experiment, in between acquiring profiles as doing so would have caused a loss of 
alignment on the probe and it would have been almost impossible to place the sample 
back in the exact position so that the same part of the sample could be profiled, to 
make all the profiles comparable to each other.
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Table 5.4: Weight Loss Values. Table o f the weight o f each sample at the 
beginning and end of each experiment, values include the glass slide it was floated 
on to.
Sample
Number
Initial 
weight (g)
End
Weight
(g)
Weight loss 
due to 
dehydration
fk)
Average 
Weight 
loss (g)
Standard
Deviation
3% RH
Control 206 0.127 0.121 0.006 0.006 0.002
208 0.128 0.121 0.007
209 0.128 0.121 0.007
210 0.125 0.118 0.003
33% RH 152 0.091 0.087 0.004 0.008 0.003
153 0.09 0.084 0.006
176 0.097 0.086 0.011
177 0.094 0.084 0.010
187 0.092 0.086 0.006
189 0.096 0.085 0.011
75% RH 164 0.09 0.084 0.006 0.009 0.003
167 0.096 0.086 0.010
175 0.093 0.088 0.005
184 0.094 0.085 0.009
185 0.092 0.084 0.008
186 0.096 0.086 0.010
5.3 RH Cell - Varied RH on One Sample
Further experiments were performed to investigate the effects of changing the relative 
humidity, after a period of 12hrs, on the same sample.
To begin the experiment, all samples were put into the cell with only water in the 
wells. This was done in an attempt to equilibrate the sample and lose the bulk of the 
free water.
In the first instance, the RH was set to a high level (after the 12hrs with water in the 
cell), with the 75%RH NaCl saturated salt solution put into the wells, this was washed 
out after 12 hours and replaced with a 33% RH MgCl saturated salt solution. After 
12hours this solution was washed out and the wells dried so that there was no 
moisture to be soaked up by the silica gel beads, which were then placed inside the
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wells. As with the previous samples, the areas underneath the sample profiles of each 
sample ai*e plotted against time and all fuifher results are normalised to the initial 
signal intensity.
The reverse procedure was also investigated, but instead of putting in the silica gel 
beads inside the wells after the water, as extracting them would be problematic and 
involve moving the sample and the cell off the probe causing problems with the 
alignment of the sample, the 33% RH MgCl saturated salt solution was placed inside 
the wells for 24hours instead of the usual 12.
5.3.1 Results
In figure 5.6 (a) is the profile areas of the three samples which were subjected to the 
high humidity enviromnent first and then the lower humidities plotted over time. The 
first 12 hours when it is just water in the wells, are very different for each sample, but 
after the next 12 hours (with 75%RH NaCl satui'ated salt solution in wells) all the 
samples reach a similar equilibrium value. This value does not drop for any of the 
samples, even though the humidity is decreased twice, there is no change in the 
signal.
Figure 5.6 (b) are the profile areas vs time of the three samples that had the low RH 
saturated salt solution placed inside the wells after the initial 12hours with water in 
the cell. Initially, in the first 12hom* period, the profiles are very similar to each other, 
but all three samples reach a different equilibrium area and at different times. There 
is no increase in ai*ea of any of the samples when the 75%RH NaCl saturated salt 
solution is placed into the wells.
The samples would seem to reach their own equilibrium, regardless of whether the 
solutions in the wells are changed to increase or decrease the humidity inside the cell. 
This not only brings about the question of the integrity of the cell, but also if the 
values of the saturated salt solutions are what they are quoted to be in the reference 
book Kaye and Laby. Perhaps there is a difference due to the dynamics of the cell.
94
Chapter 5 — Skin Hydration
1.2
Skin 159 
Skin 191 
Skin 193
1
0.8
Water 33% RH 75% RH0.6
0.4
0.2
0
10
(a)
20 30
Time (hrs)
40 50
-•—Skin 157 
-m—Skin 203 
- A - Skin 2050.8
— 0.6
Water 5%RH 33% RH< 0.44 3%RH
20 30
Time (hrs)
Figure 5.6: Effect on Sample by Varying RH in Cell. A single sample was placed 
inside the RH cell and left over a period o f approx 48hrSy during the first 12hrs in 
both instances the water only was placed inside the celly (a) then for 24hrs at 
33%RHy then 75% RH (b) then for 12hrs at 75% RH, then 12hrs at 33% RH then 
finally 12hrs at 3% RH.
Again, the gradients of the graphs were found, as there were two distinct breaks in the 
gradient in all of the graphs before the samples reached an equilibrium, just as there 
was in the previous experiments. From Table 5.5, the overall average gradient for the 
samples in both experiments are very similar, approximately 0.03 for both. This is in 
keeping with the theory of the free water left in the top layers of the skin being 
evaporated off as it is at the same RH and the same rate. The second gradient has a 
much greater difference in value between the two sets of experiments, for the high to
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low RH experiment the gradient value is almost half of that for the low to high RH 
experiment.
Table 5.5: Values for First Gradient. Gradients of the best-fit lines plotted over the 
first gradient break in each sample after the areas underneath the profile curve was
1st Gradient Average 
Sample (a.u./hr) (from Gradient Value Standard 
Number best fit line) (a.u./hr) Deviation
High - Low RH 
Low - High RH
157 -0.0401 0.03 0.012 
203 -0.0311 
205 -0.0158
159 -0.03 0.03 0.006 
191 -0.0249 
193 -0.0372
Table 5.6: Value 
the second gradi 
curve was plottea
s for Second Gradient. Gradients o f the best-fit lines plotted over 
ent break in each sample after the areas underneath the profile 
against time.
2nd Gradient Average 
Sample (a.u./hr) (from Gradient Value Standard 
Number best fit line) (a.u./hr) Deviation
High - Low RH 
Low - High RH
157 -0.0386 0.046 0.013 
203 -0.0384 
205 -0.0604
159 -0.0435 0.082 0.040 
191 -0.0793 
193 -0.1229
For the high to low experiment the value was 0.046 and for the low to high it was 
0.082. The second gradient break occurs at the time when the solutions are first 
changed from the water to the high or low RH solution. As the lower value of RH in 
the cell was approximately half the value than that of the higher RH value, it would 
seem reasonable that the sample would dry twice as fast. This also indicates that the 
cell is at a lower RH value when a lower value saturated salt solution is put inside the 
wells, but the end equilibrium value in either experiment is not in keeping with the 
previous studies by Dias (2001). In which the end equilibrium value for the skin 
samples left in the high RH environment is greater than that of the samples left in the 
lower RH environments.
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5.3.2 Water-LiCI-Water Experiments
As the previous experiments failed to behave in a fashion that was expected of them, 
it was thought appropriate to further investigate the properties of the cell itself and to 
ensure the sealing in the cell was sufficient. This was achieved by first placing water 
into the wells for 24hrs, then a very low RH salt solution (lithium chloride -1 1  %RH) 
instead of the silica gel so that it could be extracted easily and water put back into the 
cell for a final 24hour period. Profiles were recorded every 30 minutes. The sample 
was floated for 2hours prior to the experiment and then transferred onto the glass 
slide, the excess water was removed with a tissue as usual.
5.3.3 Results
The areas underneath the profile were calculated and plotted against time in Figure 
5.7.
Water kL \ c i  (11%RH) Water
10 20 30 40 50
Time (hrs)
60 70 80
Figure 5.7: Effect on Sample by Varying RH in Cell Using Water-Lithium 
Chloride-Water. A single sample was placed inside the RH cell and left over a 
period o f approx 48hrs, during the first 12hrs water only was placed inside the cell, 
then Lithium Chloride salt solution put inside the cell for 24hrs for ll%RHy then 
finally water again for 24hrs. This was repeated a further twice.
In the initial stages of the experiment, during the first ten hours, there is an increase in 
signal. This is possibly an indication that the sample was still not fully hydrated 
despite it having been floated on water for two hours prior to the experiment. This is 
followed by a decrease as in the previously discussed samples. After the LiCl is 
added into the cell this decrease in signal continues and then plateaux’s around 0.1. 
When the LiCl salt solution is changed finally for water again, there is an increase in
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the signal from the sample, indicating that this is at a higher humidity and the water 
from the surrounding environment is being absorbed by the skin sample. This 
increase is small but significant.
5.4 Relative Humidity - Continuous flow system
The continuous flow system involved the use of a humidifier, from which air flowed 
to the sample via a rubber tube. The complete system was as described in Chapter 4. 
The advantage of this system was that the humidity could be varied to any value with 
the sample in situ and without disturbing the environment, unlike the two previous 
systems.
5.4.1 Skin Hydration at a Constant Humidity
Two sets of experiments were conducted in this section to ascertain the reliability of 
the humidifier in use within the system. The first experiment was an initial 
investigation into whether or not the skin sample reached equilibrium at a set 
hmnidity value and how long this would take. The second was to establish whether 
the length of time or method of hydration of the sample would have an effect on its 
dehydration time.
5.4.1.1 Equilibrium at 100% RH
A fully hydr ated skin sample was profiled every 15 minutes over a 5 houi' time period, 
and the humidifier set to 100% RH. The results, as seen in fig 5.8 show the area of the 
resultant profiles plotted against time. The first point on the giaph shows the initial 
signal of the sample without the humidified airflow switched on. The second point on 
the graph is the signal from the same sample after the airflow was switched on. The 
sharp increase in signal between these two points on the graph is therefore due to the 
switching on of the humidified air. During the experiment the signal was relatively 
stable but a slight and steady decrease can be observed from fig 5.8 which could be 
attributed to a loss of water or perhaps the sample moving in the airflow. Thus 
proving that the system can provide stable results over a few hours.
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Figure 5.8: Area vs Time. Skin sample at 100% RH for 4.5hr period
5.4.1.2 Dehydration of Samples with Differing Sample Preparation
It was unsure if the length of time or method of hydration of the sample would have 
an effect on the dehydration time. To investigate this, a partially hydrated sample was 
compared with two fully hydrated samples. One of the fully hydrated samples was 
floated on top of the water for the hydration period, and the other completely 
immersed in the water. The RH was set to -10% for the full duration of the
experiments.
I  y = -0.1413X + 4.6661 
■ y = -0.1531X + 4.023 
A y = -0.113X + 2.8959
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FIGURE 5.9: Area vs Time Of Skin Dehydration over 24 Hour Period at
—10%RH. Where the blue line represents the sample that was immersed in water. 
The red line represents the sample that was floated on the water and the green line 
represents the sample floated on the watery but not for a prolonged time period.
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The results from all three experiments are shown in Fig 5.9. This shows the areas 
under the profiles plotted over 24hours. The blue line represents the sample that was 
immersed in water. The red line represents the sample that was floated on die water 
and the green line represents the sample that was floated on the water for but not for a 
prolonged period of time. All three samples begin with different signal values, the 
sample not floated for a prolonged period having the greatest signal and the immersed 
sample having the least signal.
None of the three samples reach an equilibrium plateaux, even though they were left 
in the low RH environment for 24hours. This suggests that at a lower RH value it 
takes a lot longer for the skins’ hydration to equilibrate. Trend lines have been 
extrapolated from the data (the black, dashed lines in fig 5.9) to an end point of a zero 
signal. From these extrapolated lines it can be seen that the blue and red lines (the 
two fully hydrated samples but with different preparation) tend to similai* end points 
of approximately 26.5 hours. Interestingly though, all three graphs have a similar 
gradient to each other. So it would seem that the dr ying rate for the samples is similar 
regardless of how they are prepared i.e. immersed in water or floated.
Interestingly none of the samples showed the second break in gradient over time that 
was a prominent feature of the plotted data in the previous section (5.3).
5.4.2 Skin Hydration Studies Using Varied Humidifier Values
Experiments were conducted with the RH value initially set to -100%. After every 
2-3 hours the RH value was reduced by -20%. When the minimum value of 20%RH 
was reached, the RH was then increased again to -100% and either the cycle was 
repeated or the RH was dropped to the minimum (-20%). An example of a fully 
hydrated sample is discussed.
5.4.2.1 Results
The results recorded from a fully hydrated skin sample, within the continuous flow 
RH system, is shown in Fig. 5.10. The area underneath the profiles of each of the
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samples is plotted against time (the blue squares), alongside the humidity change as a 
function of time (red triangles).
It would seem that there is a decrease in signal intensity but there are no noticeable 
plateaux to indicate a steady state at each RH level. This suggests that the skin never 
equilibrates at the intermediate RH levels on the first dehydration. The signal intensity 
increases when the RH is increased. It also reaches a steady plateaux over the 
rehydration time. When the RH is again decreased for the second time, the signal 
intensity again decreases but never reaches a steady state at one RH value. The 
increase in signal intensity of the sample when the RH is increased from 20-100%RH 
is not the result of movement of the skin due to the change in airflow, as the profiles 
do not change position. Subsequently, the signal decreases faster on the second 
dehydration.
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FIGURE 5.10: Effect of Change in RH of Airflow over Fully Hydrated Sample . 
Charted over a period o f time with a decrease in RH levels after a period of 2hrs 
followed by a period o f rehydration by way of an increase in RH values. The red 
triangles show the humidity levels and when they were stepped down then raised 
again. The blue squares represent the signal from the sample.
Again, unlike in the previous section (5.3) there is no second gradient break seen in 
the data when the area is plotted over time as the RH is decreased.
5.5 Discussions and Conclusions
The results of the initial experiments using desiccators, which were conducted in 
accordance with previous work by Dias (2001), were as expected. The signals from
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the samples kept in the lower RH environment decayed faster and had a lower end- 
plateaux value than those in a higher RH enviromnent. The issue with this system, as 
already stated, is that the samples have to constantly be removed from the enclosed 
RH environment and into the lab environment. Also there is the problem as to putting 
the sample back onto the probe in the magnet in exactly the same position as it was 
for previous readings, so as to be a direct comparison of the sample over time. 
Despite these issues, the results seem to be consistent and reliable.
By constructing the RH cell, it was hoped that the previously stated issues would be 
resolved. But from the identical gradient breaks in all the results, it is uncertain 
whether the RH inside the cell is actually what is expected from the saturated salt 
solutions. The design of the cell had not made it possible to integrate an RH sensor 
into it. So it was not possible to monitor the humidity at any point of the experiment 
without opening the cell and disrupting the enclosed enviromnent. It could be seen 
though that the dehydration of the skin was from the upper layers of the skin as shown 
by the decrease in width from the stratum corneum side. The lower the RH (judged 
from the quoted values of saturated salt solutions correlation with RH in Kaye and 
Laby, 1995) within the cell, the steeper the drying gradients and the shorter the time 
taken for reaching the end plateaux.
There aie variations in the time taken for the first gradient to b re ^  between samples 
subjected to the same RH environment. There are a couple of theories as to why this 
should be.
The first theory takes into account the free evaporation rate of water, which is 0.043 
microns /sec at 22 degrees and 40% RH (Ciampi et al, 2000).
Therefore, in 5 hours, it would be expected that a film of water approximately 770 
microns thick to freely evaporate. This amount would easily be seen residing on a 
sample both by Garfield and by the naked eye. Therefore, it is doubtfril that this is 
the explanation of the "2 gradients".
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However, during these experiments, the water is not evaporating into free space. Here 
we have a confined vessel with two distinct regions; one above the sample, the other 
above the salt solution separated by a distance L, say 5 cm.
The evaporation flux under such circumstances is:
F=(D*( 100-H)*e*M)/(L* 100*P* V)
(Ciampi et al, 2000)
where H is the relative humidity of the laboratory, M is the molecular 
weight of water, V is the volume of 1 mole of gas at stp (22.4*10^3cm^), P is the air 
pressure (taken as 101 325 Pa, standard pressure), and e is the saturation vapour 
pressure, (2337.3 Pa at 20 °C). D is the vapour diffusion coefficient (0.25 cm^2/s).
If H is 40%, and L is 5 cm, then the flux is calculated to be approximately 
5.5* 10^-7 cm/s, so that in 5hours about 100 microns of water would be lost. 
It could then be suggested that restricted evaporation is the likely cause of the first, 
slow, gradient in these drying experiments.
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Figure 5.11: Profile Width Plotted Against Time. Two samples drying at 75% RH 
were taken as examples. Sample 184 (shown by the blue diamonds) was held at the 
first gradient for a much longer period o f time than sample 185 (shown by the red 
triangles). The width of each profile was recorded over the 24 hour period and then 
a best fit line was plotted through the data for each sample.
The sample thickness was plotted as measured by the first point to 
contact the position axis as a function of time so that this theory might be tested. The
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results for two samples in Figure 5.11 (c) which were left in a 75% RH environment 
were investigated, the results can be seen in Figure 5.6. Sample 184, shown by the 
blue diamonds, was held at the first gradient for a much longer period of time than 
sample 185, shown by the red triangles. If the theory had been correct, the gradients 
should be about -100 microns/ hour, but it can be seen from the fonnulas of the best 
fit lines, that this is not true for either sample. The gradient of sample 184 is -2.23
a.u./hr, and -2.65 a.u./hr for sample 185.
Another possible explanation of the two gradients is that the first is the gradual loss of 
water evaporating from the stratum corneum. Over time the skin becomes more 
dehydrated and the enzymes within the skin which depend on water to continue to 
work cease to be effective. This in turn leads to the break down of the barrier 
properties of the stratum corneum^ the consequence of which is an increase of water 
loss from the lower layers of tlie skin. This could be what is being shovra by the 
second, steeper gi'adient. The different timings for each sample to go through this 
dying process would be dependant on the skins’ thickness and viability which would 
affect its water holding capabilities within the tissue at the beginning of the 
experiment.
It is most likely that the cause of the two gradients breaks can be attributed to a small 
reservoir of water between the underside of the skin and the glass slide. The first 
gradient seen would conespond to the water from this reservoir being drawn up 
through the skin and before evaporating fi'om the surface. The second giadient would 
be from the evaporation of the free water from within the skin since there would no 
longer be a reservoir underneath the sample (Imhof, 2004). The duration of the first 
gi'adient would therefore be determined by the amoimt of water ti'apped underneath 
the skin when it was floated on to the glass slide during sample preparation, thus 
creating the reservoir.
If this is the case, the second gradient is more indicative of the drying characteristics 
of the skin in the various humidity environments. The results could then be plotted 
from a start time of Ohi's at the beginning of the second gradient. The result of doing 
so can be seen in Figure 5.12. Now all the samples in the same data sets overlap each 
other and have very similar times for reaching the end plateaux. The samples left in a
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2% silica environment reach a final plateaux value between 2 and 3houi*s. The 
samples left in the 33%RH environment reached a final plateaux between 6and 7 
hours, and the samples in the 75%RH enviromnent took slightly longer at between 8 
and 10 hours. With the samples left in the lowest RH environment taking the least 
amount of time to reach a plateaux and those in a higher RH environment taking 
longer, the results appeal' more logical.
The results fiom the experiments in which the RH salt solutions within the cell were 
changed were very similar to those fi'om when a single RH solution was use. This 
would imply that the same theory would apply to these results as just discussed.
In the continuous flow system, it would seem that the hydration of the samples were 
perhaps decreasing independently of the RH environment. This is regardless of how 
the sample was prepared i.e. whether or not the skin was immersed or floated on the 
water. It was unfortunate that the variations between the samples made this method 
very mu'eliable. Still, it is possible to draw a few conclusions fi'om the data such as 
100% RH is not the same as fully hydrated, as the samples showed a decrease in 
signal fi'om the start of the experiment.
One of the main problems with the system was the foi'mation of water drops with the 
humidifier which were moved over time through the tubing to eventually end up on 
the sample. The water droplets would form as the result of condensation at the higher 
humidity values. It is unclear whether some of the large drops seen in between the 
area readings are due to the sample drying as a response to the change in humidity, or 
condensation in the probe and subsequently the drying of water within the system.
105
Chapter 5 — Skin Hydration
^  0.8
« 0.6 ■o
I  0.4 
S  0.2
▲X
♦X
# skin 206 
A skin 208 
■ skin 209 
Xskin 210
10 15
Time (hrs)
20 25
1
0.8
^  0.6 ■o ^ 0.4I
K
0.2
0
H
\
♦ skin 176 
A skin 177 
■ skin 151 
x sk in  152 
+ skin 153 
-  skin 187
•  skin 189
10 15
Time (hrs)
20 25
0.8
f  0-6
1  0.4I 0.2
% *i t*
% - - -
♦ skin164 
A skin167 
■ skin 175 
x sk in  184 
+ skin 185 
-  skin 186
+ + + + + + + + + + + + + + +
10 15
Time (hrs)
20 25
Figure 5.12 Corrected Data from Samples in RH Cell at a Single RH Level. Same 
sample as in Fig 5.5, here plotted without the data points from V* gradient(a) 
2%RH using silica beads in cell (b) 33%RH using Magnesium Chloride in cell (c) 
75%RH using sodium chloride in cell.
An example of a water drop on top of the sample is shown in Fig 5.13. The drop 
eventually dries up and the profiles returns to a normal shape. As the droplet dries this 
causes the intensity of the skin to decrease. The intensity of the water drop is low as
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the T1 of water is 3 seconds approximately with the parameters outlined in an earlier 
chapter whereas skin Ti is less than 0.25s. The signals obtained in the low humidities, 
are increasingly difficult to distinguish from the noise in the signal and are therefore 
not as reliable as the high humidity results i.e. 100%, 80% & 60%.
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FIGURE 5.13: Example Of Water Droplet On Skin And Its Effect, (a) An 
artefact that appeared in the profile was a water droplet which eventually dries over 
time. This appears as a shoulder on the right hand side of the profiles. The 
profile recorded shown with a blue solid line, the intermediate profiles with grey 
coloured lines and the final profile with a red solid line, (b) The blue square 
markers show random readings from the sample for the RH values due to the water 
droplets and no steady drying gradient can be observed.
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CHAPTER 6 
WATER MOBILITY
6.1 Water Distribution in Hydrated skin
During this experiment, a partially hydrated skin sample was sandwiched between 
two glass slides, as previously described in Chapter 4. This aiTangement was chosen 
in order to limit water evaporation from the skin sample. The slide aiTangement was 
then placed onto the probe in the magnet. As it was the basic probe that was used 
throughout the following experiments, there was no humidity control.
6.1.1 Results
Two profiles were acquired with paiameter set PI. The first profile, shown by the blue 
solid line in figure 6.1 (a), was recorded 85 minutes prior to the second, which is 
shown by the red line. The signal intensity can be seen to be uniform over the full skin 
thickness. There is clearly no change occuning over the 85 minutes due, for instance, 
to drying of the skin. This pair of profiles illustrates the reproducibility of the 
profiling procedure on a single sample. The sample can be seen to be about 100 pm 
thick, in both profiles.
In the intervening period, other profiles were recorded using parameters, P2. 
Examples of these (again recorded » 85 minutes apart) are shown in Figm*e 6.1 (b). 
By improving the experimental procedmes adopted in this work e.g. spending more 
time levelling the probe inside the magnet, this enabled two different regions to be 
resolved in the skin. Each region is approximately 50pm thick. This was not 
previously achievable due to the openness of the sample to the lab and tlie subsequent 
evaporation of water from the sample over time.
The differences between the two regions correspond to differences in either water 
concentration or in type of water (bound or fi*ee) as a function of depth in the 
epidermis. The most reasonable explanation is that they are due to (water) mobility 
differences. This is because parameters PI produce profiles that predominantly reflect
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hydrogen density, due to the short x (150(is) in the pulse sequence. The signal of the 
acquired profile is seen to be reasonably uniform throughout the sample. Parameters 
P2, with a longer tau (500ps), produce profiles in which the density-signal is 
additionally attenuated by mobility. Hence, the two regions observed in Figure 6.1 
(b) predominantly reflect water in different mobility environments. It is speculated 
that these correspond to the stratum corneum and viable epidermis and that parameter 
set P2 preferentially visualises the less mobile stratum corneum in normal skin. An 
explanation of the different profile weightings due to the different parameters is
discussed further in section 6.1.2.
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Figure 6.1: Water Mobility Profiles of Skin. MR profiles of a skin sample 
sandwiched between two glass slides  ^ recorded immediately after the sample was 
floated onto the glass (blue diamonds) and approximately 1,5 hours later (red 
squares). The stratum corneum is to the right (950-1000 pm). The viable epidermis 
is to the left (900-950 pm). The profiles were recorded using pulse sequence 
parameters (a) PI; and (b) P2
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A thickness of 50pm for the stratum corneum is significantly greater than expected 
from conventional understanding. However, the profile features are broadened as 
previously explained in Chapter 4. It should be noted that the lower side of the profile 
rises in 2-3 pixels -  close to the theoretical minimum of 2 pixels which arises due to 
partial filling. In general, the sample edge does not coincide with the side of a pixel. 
The upper edge rises in 4-5 pixels (say 30pm), indicating greater roughness of the 
upper surface and accounting for much of the broadening of the stratum corneum as 
visualized in the profile.
A trend for the stratum corneum layer to display greater signal intensity than the 
viable epidermis for parameters P2 was seen in identical repeat experiments: three 
direct repeats of the experiment were performed on different skin samples. It was 
also seen as an intermediate result in other experiments documented in later chapters. 
Variations in the amplitude of the difference can be attributed to variations in quality 
of sample alignment and perhaps to differences in initial hydration states.
6.1.2 Analysis of decay of Echoes
To further investigate the theory of parameters P2 visualising a difference in ^H 
mobility, the Tj decay of the echoes of a single point in the stratum corneum area and 
in the epidermal area was plotted. Figure 6.2, shows the decay of the points that have 
been fit to a two component -  exponential curve {M(r)=Mf *exp(-
*exp(-t/T2 ^)) [sQQ Appendix A\.
Figures 6.2 (a-b) shows the Tj echo decay for parameters PI, where (a) conesponds 
to the point taken from the viable epideimis and (b) the point taken fiom the stratum 
corneum. Both curves are very similai' in shape, the only noticeable difference 
between them being the magnitude of the signal at the beginning. The end signal 
magnitude for each curve is of a very similar value.
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Figures 6.2 (c-d) are the T* echo decay curves recorded with parameters P2 where (c) 
corresponds to the point from the viable epidermis and (d) the point from the stratum 
corneum. From these it can be seen that the first few points from the decay curves 
that the viable epidermis has a slightly longer decay time than that of the stratum 
corneum, which is an indication that the in the viable epidermis is more mobile. 
Less mobile in the tissue would give a short decay and although the decay 
of both curves are fast, it is faster in the case of the stratum corneum.
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Figure 6.2: T* Echo decay of sample. TV Echo decay o f Tau ISOps. (a) viable 
epidermis (b) stratum corneum. TV Echo decay o f Tau 500/is. (c) viable epidermis 
(d) stratum corneum
As these theories are based on the first few points of the graphs, it is useful to inspect 
the T* values obtained from the aforementioned two component fit. These values are
112
Chapter 6 — Water Mobility
presented in Table 6.1. For the first profiles recorded with tau 150ps and SOOps, the 
Tl values from the stratum corneum are indeed greater than that of the viable 
epidermis. Interestingly, for the second profile recorded with tau of SOOps, after 
SOmins, the values are very similar to that of the first profile.
Table 6.1: Values. The decay o f a single point in the viable epidermis and
another in the stratum corneum was fit to a two component — exponential curve 
(M(r)=M^ *exp(-t/T;'')+M‘ *exp(-t/T;‘ )).
Tau Tau Tau SOOps
15 Ops 500ps (after 80 
mins)
Viable Stratum Viable Stratum Viable Stratum
Epidermis Corneum Epidermis Corneum Epidermis Corneum
M„ (long) 22000 17000 150000 69000 130000 74000
r /  (long) 3.6ms 5.7ms 14ms 20ms 15ms 19ms
Mg (short) 17000 7200 9800 13000 8100 12000
t;^  (short) 0.25ms 0.56ms 0.50ms 0.80ms 0.56ms 0.81ms
% long 56.4% 70J%6 93.9% 84.1% 94.1% 86%
component
« )
% short 43.6% 29.7% 6JA4 15.9% 5^% 14%
component
« )
Mtotal — 39000 24200 159800 82000 138100 86000
Miong
Mshort
For the first profile detailed in Table 7.1 which was recorded with a tau of 150 ps, the 
values for and are greater for the stratum corneum = 5.7ms and 77^ 
= 0.56ms) than for the viable epidermis ( r / ^ =  3.6ms and = 0.25ms). The 
percentage of the long magnetisation component ( M„ ) is higher in the stratum 
corneum (70.3%) than in the viable epidermis (56.4%). The percentage of the shorter 
magnetisation component (M®) is smaller in the stratum corneum (29.7%) than in
the viable epidermis (43.6%). The overall magnetisation component is greater within 
the viable epidermis than in the stratum corneum.
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The next set of values recorded in Table 7.1 are for the first profile acquired with 
parameters P2 (tau = 500ps) show that the values and are now both greater 
in the viable epidermis 14 ms and = 0.5 ms). The values of these
components in the stratum corneum (27“^ = 20 ms and = 0.8 ms) have also 
increased, especially that of the long Tj component • The percentage of Mg is 
now of much higher value than those recorded for the PI profile. The value within the 
stratum corneum has increased to 84.1% and the value for the viable epidermal layers 
has increased to 93.9%. The percentage of Mg has in turn decreased in value within 
the stratum corneum to 15.9% and in the viable epideimis to 6.1%.
The final set of values recorded in Table 7.1 are for the second profile acquired with 
parameters P2 (tau = 500ps). These values are very similar to those from the first 
profile recorded with parameters P2 showing that despite a time lapse of 
approximately 80minutes, there is no change fr'om the signal fr om the sample.
When comparing the results in Table 6,1 for the short tau (150ps) and the long tau 
(500ps) it can be seen that in the case of the long tau data the percentage of the signal 
that is made up of the short component {Mg = 6.1% and 15.9%) is much lower than 
that calculated fi'om the short tau data {Mg = 43.6% and 29.7%). This shows that by
using a longer tau (of 500ps) it is the signal from the short component of the signal 
that is lost therefore the signal acquired is fr om the more mobile water within the skin.
The profiles of the skin in fig 6.1 show a greater signal from the stratum corneum, but 
this is not caused by a greater amount of signal from more mobile water as is usually 
the case in conventional MRI (as the water within the stratum corneum is widely 
known to be of the more bound type). With the sample being in a large magnetic 
gradient like that of the GARField magnet this affects the received signal and so the 
signal from the more mobile water (in the epidermis) is seen to be repressed while the 
signal from the less mobile water (in the stratum corneum) is seen to be larger. This 
is due to the diffusion that occurs within this gradient (Chapter 3) and a complex
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effect on the Ti and Tj relaxation of the water within the skin sample. This effect on 
the signal from the sample is confirmed by the results in Table 6.1, where it is shown 
that there is a greater percentage of the long component { M f  ) in the epideimis than 
there is in the stratum corneum.
The increase in mobility in conventional MR imaging would result in an increase 
in signal, whereas with GARField, the opposite is true. This is due to the presence of 
a large gradient and dependant on the acquisition parameters, as the effect is best 
visualised with parameter set P2. The greater the mobility of the ^H, the greater the 
diffusion will be and so the Tj decreases which in tmn results in a decrease of the 
integrated signal that is acquired.
6.2 Water Mobility in D^O Exchanged Skin
A similar piece of skin was used, with which an attempt has been made to exchange 
the hydrogen in the water molecules for deuterium. Again the sample was sealed 
between the glass slides, this time so that the deuterium in the skin would not 
exchange with the hydrogen in the surrounding atmosphere.
6.2.1 Results
Profiles of a deuterated skin sample acquired with both parameter sets PI and P2, can 
be seen in Figure 6.3, represented by the blue and red lines respectively. Deuterium 
(^H) is invisible to MR, therefore less signal is observed from the sample than in 
Figure 6.1 (c.f. the scales). The remaining signal here, after the exchange with 
in the skin, we have attributed to non-exchanging (e.g. in C H 2  and C H 3 groups) 
within the cellular structure of the skin (proteins such as keratin and lipids such as the 
ceramides). The signal comes predominantly from the upper layers of the viable 
epidennis and the stratum corneum as the width of the PI profile is only slightly 
larger than that of the P2 profiles..
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A third profile was recorded 10 hours later using parameters P2, and is almost 
indistinguishable from that first recorded, thus showing the stability of the sample. It 
is instructive to look at the maximum signal intensities. With parameter set PI, the 
signal intensity ratio of normal and deuterium-exchanged skin is approximately 4 to 1 
whereas for parameter set P2 it is nearer 5 to i .  Relaxation time weighting (both spin- 
spin, T2 , and spin-lattice, Ti) as well as diffusion attenuation and the fact that we have 
added profiles resulting fi'om different echoes in a train all work together to make 
quantification difficult. However, with large error bars, the results suggest that 
perhaps 25% of the signal in normal skin comes from nonexchanging species.
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Figure 6.3: Effect of Exchanging Mobile Hydrogen in Skin with Deuterium 
Profiles o f deuterium exchanged skin recorded immediately after preparation with 
parameters PI (Blue) and P2 (Red) and again with P2 after a further 10 hours 
(Green),
6.3 Discussion and Conclusion
These experiments have demonstrated that GARField MR profiling is able to 
differentiate between the stratum corneum and viable epidermis of human abdominal 
tissue in vitro. This can be visualised through simple changes in the parameters used 
to acquire the profiles of the samples. The differentiation is based on differences in 
molecular mobility, which has been shown by the T2 decay curves, and the T2 
component values from the decay fit, to be an accurate assumption.
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It has also been shown that the less mobile can be visualised by exchanging the 
more mobile species with deuterium. In doing so, a smaller strength signal is 
recorded as there is little contribution fi'om the more mobile From the results 
obtained, it can be estimated that the non-exchangeable (and therefore possibly a 
representation of the bound water within the skin) accounts for about quarter of the 
signal recorded for nonnally hydrated skin.
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CHAPTER 7
THREE MODEL SYSTEMS FOR MOISTURISATION
7.1 Introduction
Moisturising skin care products are very complex with numerous ingredients that 
have varying functions. It was the aim of the experiments in this chapter to investigate 
the properties of a few of the main ingredients and gain a greater insight into their role 
in the formulation. This was achieved by recording the ingression of the material over 
time, into hydrated and deuterated skin samples. Where possible, deuterated versions 
of the materials were also used in these expeiiments. This chapter investigates three 
moisturising materials with different mechanisms of action. These materials are: 
mineral oil (an occlusive material), glycerine (a humectant) and squalane (an 
emollient). Decanol was also investigated as it is known to only penetrate the first few 
layers of the stratum corneum^ so would be a good marker and enable the estimation 
of the localisation of the other materials.
7.2 Mineral oil
Mineral oil is an occlusive material that is derived from petroleum oil. It is not 
expected to diffuse through the skin but instead it should lie on the suiTace providing 
a temporary coating or hairier to the surrounding atmosphere and prevent 
transepidermal water loss (TEWL). It is regularly used in the making of cosmetics 
such as moisturisers.
7.2.1 Results
The profile shown as a blue curve in Figure 7.1 was recorded from a partially 
hydrated skin sample using parameters PI as defined in section 4.2.2 in Chapter 4. It 
is very similar to those already discussed in chapter 5. Subsequently, a small quantity 
of mineral oil was applied to the skin and further profiles were recorded. The figure
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shows typical examples of profiles recorded 5 minutes (the green line) and 96 minutes 
(the red line ) after the oil was applied. With parameters PI, the pure oil gives a more 
intense signal than the skin. The decrease of the profile width (red line compared to 
the green line) is due to the oil spreading radially over the skin. It may also be due to 
slight absorption of the oil into the skin (red line compared to blue line), although it is 
not clear whether the oil penetrates the upper layers or simply fills the wrinkles on the 
surface of the skin. The intensity of the lower region of the skin remains unchanged, 
showing that the mineral oil does not penetrate fully through the epidermis. This 
conclusion is in accordance with expectation.
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Figure 7.1: Mineral Oil Applied to Skin Sample. Profile o f hydrated skin before 
(blue curve); and 5 minutes (green); and 95 minutes (red) after the application o f  
10 ^  o f mineral oil Oil was applied above the stratum corneum  ^that is beyond 150 
fjm. Profiles recorded with parameters PL
7.3 Glycerine
Humectants in moisturisers are known to diffuse into the lower layers of the 
epidermis and from there attract water fi*om the dermal layers drawing it up into the 
epidermis to increase the hydration of the epidermal layers in the tissue. Glycerine is 
a very popular humectant, and has been used for many years in products such as most 
of the soaps, detergents and cosmetics on the market today. As well as its humectant 
properties it also has the advantage of being a mildly occlusive material, thus giving 
the skin a smoother appearance (C.R.Harding et al, 2000). It is unreactive with the 
skin due to its presence naturally in the skin and has been proven over the years to be 
effective.
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Due to its high viscosity, the glycerine was applied to the samples using a glass rod 
and so it was not possible to measure out exact quantities. However the weight of the 
rod before and after the application of the glycerol to the skin was recorded so as to 
estimate the mass applied was similar for each sample.
7.3.1 Results - Glycerine with hydrated skin
Glycerine was applied to a partially hydrated skin sample. In Figure 7.2, the profile 
of lowest intensity and width reflects the skin sample before the glycerine application. 
Although not particularly well levelled in the magnet, the skin sample is evidently 
about 110 micrometers thick. The remaining profiles show in a time-course sequence 
the advance of the glycerine into the skin after it was applied. The signal intensity in 
the region beyond 150 microns is due to the glycerine “reservoir” on top of the skin.
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Figure 7.2: Glycerine Applied to Hydrated Skin Sample. Profiles o f skin with 
glycerine added, recorded with pulse sequence parameters P2. The original skin is 
shown by the blue line. The subsequent profiles are recorded 0.2 (blue line), 3.5 
(grey line), 5.7, 7.4, 9.5,11.7,13.8 and 15.9 (red line) hours after the application.
The position of the glycerine front in the skin (half maximum) varies with the square 
root of time, (Figure 7.3), from which a Fickian ingress mechanism is inferred 
(Crank, 1975). Using the Einstein -  Smoluchowski equation of self-diffusion [see 
Appendix C for calculations], from the square of the gradient of the plot, the effective 
transport diffusion coefficient is estimated to be of the order of 2 xlO^ cm^s'\ 
Replicate experiments gave a mean and standard deviation of 1.21 ± 0.7 x 10'  ^cm^s'^
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based on four measurements (one further experiment in which the apparent diffusion 
coefficient was an order of magnitude different was excluded). However, this is no 
more than a general estimate and does not account for probable variation of the 
diffusion coefficient with concentration, nor does it allow for any possible difference 
in the diffusivity between the stratum corneum and underlying viable epidermis. This 
diffusion coefficient is, of course, distinct from the self-diffusivity involved in 
diffiisive attenuation of the signal described in chapter 6. The graph does not 
intercept at zero as the first point is taken from the displacement between the first and 
second profiles acquired and each profile takes 7 minutes to record.
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Figure 7.3: Glycerine Ingress in to Skin Sample. The displacement o f the 
glycerine front measured from the profiles (half maximum) as a function o f the 
square root o f time from which a Fickian ingress mechanism is inferred (solid fit to 
data). The error bars indicate the uncertainty in the position o f the glycerine front 
arising from the changing maximum intensity.
7.3.2 Results -  Glycerine on deuterium exchanged skin
A skin sample was floated on D2O for two hours before the experiment was begun, 
thus exchanging the fi*ee m the skin with ^H, which would not be seen by Garfield 
due to the acquisition parameters used. Deuterium readily exchanges with the 
hydrogen in the atmosphere. Consequently the sealed slide arrangement was used to 
prevent this from happening. The glycerine was placed on top of the sample before 
the sample was sealed. This meant that an initial profile of the skin sample only, with 
out the glycerine added on top, could not be recorded. The profiles were recorded 
over a 24 hour period with parameter set P I.
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As with the previous results there is a large signal from the glycerine (see figure 7.4). 
The skin is virtually invisible in the first profile (blue line on Figure 6.4) apart from 
the small shoulder on the left side of the graph between 1025 and 1075 pm. As time 
goes on, the signal of this shoulder increases and widens as the glycerine ingresses
into the skin.
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Figure 7.4 Glycerine Applied to Deuterium Exchanged Skin. Profiles taken with 
PI showing the ingress o f glycerine in to a sample that had been floated on D2O for 
2 hours, the blue line is the initial profile o f the sample with Glycerine on top. The 
subsequent profiles are recorded 1.3, 2, 3.2, 4.3, 5.1, 10, 15.1, 20, 24.3(red line) 
hours after the application, and the red line is after 24 hours.
7.4 Deuterated Glycerine
In a further experiment, deuterated glycerine (d-glycerine) was applied to partially 
hydrated (^H) skin and to deuterium-exchanged skin. As with the former experiment 
in section 7.3 the H-D exchange during the measurements will complicated the 
interpretation of the first experiment when the d-glycerine is applied to the partially 
hydrated skin. This should not be a problem when using a deuterated product 
(glycerine for these experiments) on deuterium exchanged skin, unless there is an 
interaction between the product and the bound hydrogen within the skin.
The integrity of the deuterated glycerine and the sealing arrangement of the sample 
slides to ensure there was no exchange with the atmosphere in the lab was assured 
by acquiring profiles over a 25 hour period of (H) glycerine only and deuterated 
glycerine only, with no skin sample. The signal from the deuterated glycerine was
122
Chapter 7 — Three Model Systems for Moisturisation
4% of the signal from the (H) glycerine, thus proving its deuterated state as seen from 
Figure 7.5 (a & b).
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Figure 7.5: Signal differences from Glycerine and Deuterated Glycerine. 
Glycerine on top o f a glass slide and profiles taken over a 25-30hr period to assess 
the behaviour of the glycerine over time. The profiles were recorded at 0,15 (blue 
line), 5,15 (grey line), 15,15, 25,15 and 29,15(red line) hours after the application, 
(o) glycerine profiles (b) deuterated glycerine profiles, using a sealed arrangement 
of one glass slide above the deuterated glycerine and sealed to the bottom sample 
slide with epoxy resin to ensure sealing was intact throughout experiments.
7.4.1 Results - Deuterated Glycerine on hydrated skin
A skin sample was floated on water for 2 hours before beginning the experiment. It 
was then floated on to the glass slide and a profile was taken of the initial skin sample 
(see Figure 7.6 blue line with square markers). The deuterated glycerine was then
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added on to the top of the sample and the sample sealed with a second glass slide on 
top as in previous experiments using deuterated products.
The initial sample profile appears to have a different shape (see Figure 7.6) to the 
following profiles after the glycerine is added. This is a consequence of the slide 
arrangement and the weight of the glycerine which further flattens the sample. The 
skin signal can be seen to be approximately 3 times greater than that of the deuterated 
product, which is on the right of the graph. The magnetisation of the solid blue line 
(the first profile acquired after the application of the deuterated glycerine) is lower in 
intensity towards the higher end of the position axis for than that of the rest of the 
profiles. This is likely due to some exchange probably with the glue sealing around 
the edges of the slides. After 2 hours there is no more increase in signal of the 
product, an indication that the system is then stable. The decrease in width of the 
glycerine reservoir can be due to the ingress of the material into the skin as well as the 
spreading of the glycerine on the surface.
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Figure 7.6 Deuterated Glycerine on hydrated skin Profiles taken with PI showing 
the ingress of deuterated glycerine in to a sample that had been floated on H2 O for 
2 hours, the blue line with square markers is the initial profile o f the sample. The 
subsequent profiles taken after the application o f the deuterated Glycerine on top 
were recorded at 0.15 (solid blue line), 1.15 (grey line), 2.15, 3.15, 4.15, 5.15,15.15, 
25.15 and 29.15 (red line) hours.
The profile signal intensity of the skin, to the left side of the graph, decreases over the 
24 hours of the experiment as the deuterated glycerine diffuses through the sample 
and exchanges with the hydrogen of the water within the skin. The movement seen at
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the epidermal side of the profile could be attributed to the top layers, in the stratum 
corneum, swelling as the glycerine ingressed and lifting the epidermis up from the 
glass slide.
7.4.2 Results - Deuterated Glycerine on Deuterium Exchanged Skin
D-glycerine on D-skin was the most interesting out of all the glycerine experiments 
using either deuterated skin or product. The opportunity for H-D exchange was very 
much more limited and the resultant signal only arises from residual hydrogen. 
Profiles were recorded with parameter sets PI and P2 both shortly after the glycerine 
was applied and again 23 hours later when it was expected to have diffused
throughout the sample (see figure 7.7).
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Figure 7.7: Profiles of D2O — H2O exchanged skin with deuterated glycerine. 
Solid lines, heavier curves are parameters PI; solid symbols parameters P2. Blue 
lines are immediately after the application, red 23 hours later. The high baseline 
above 150 fan originates from residual in the deuterated glycerine.
In Chapter 6 it was seen that parameters P2 showed the two different water mobility 
areas within the skin. Here it is shown that in the D-skin, it is parameters PI that best 
reflect the two layers of the skin (the stratum corneum and viable epidermis).
The signal intensity is different for all four of the profiles in figure 7.7. The number of
hydrogen atoms within the skin and the glycerine is fixed; the majority of which are 
associated with the skin, not the glycerine. Therefore, changes in the signal intensity 
(as seen in fig.7.7) are likely to reflect changes in the molecular mobility of the skin.
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This leads to the suggestion that this experiment visualises changes in skin 
moisturisation as opposed to skin hydration.
The profiles acquired from both parameters PI and P2 confirm that the glycerine 
penetrates further than the apparent thickness of the skin. Presumably, this is because 
the lower layer of the D- skin is not well visualised before the glycerine is applied. 
Although there is a slight shoulder on the lower side of the early profile with 
parameters PI suggesting that the skin does indeed extend down to about 50pm on the 
scale.
The profile intensity decreases on the upper side of the skin in the later profiles 
whereas it increases on the lower side. These changes likely reflect changes in 
molecular mobility except that now they are changes in molecular mobility of non - 
H-D exchanging, less mobile moieties. The increase in signal intensity in the lower 
viable epidermis is harder to explain. It is thought that with water exchanged and not 
contiibuting to the signal, then there is less self diffusion for what is left and increased 
T2 effects win out. Possibly also, if glycerine penetiates the comeocytes and due to its 
hygroscope nature reduces the mobility of remaining water, then the signal may be 
increased.
7.5 Squalane
Squalane (C30H62) is a colourless hydi'ocarbon (Oxford University, 2003) that is 
derived from the naturally occurring oil squalene, found in the sebum excreted from 
the pores of humans. It has been found to be the main form of hydrocarbon within the 
sebum accounting for 10% of the total composition of the sebum (Rosenthal M. L., 
1964). In the form of squalane it is more stable against oxidation than in its original 
unsaturated form and therefore more suited to cosmetic formulations (web site: 
myvitanet.com). As squalane is a natural emollient, without a greasy feel, it is a 
popular choice for use in many skin caie products (Cornwell et al, 1998). Squalane is 
known to give the perception of moistmisation, because of the feel it gives the skin 
after application. It is unsure why this is; whether it is due to its properties when it is 
absorbed in to the skin or because it doesn’t absorb easily or that it stays on the top of
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the stratum corneum coating the upper layers like the mineral oil and not ingressing 
much into the skin.
A fully hydrated skin sample was prepared. Profiles were recorded with parameter 
sets PI and P2 at the beginning and end of the experiment. lOpl of squalane were 
applied via a pipette to each sample without removing the sample from the magnet.
7.5.1 Results -  Squalane on hydrated skin
After an initial profile was recorded (figure 6.10 blue line with square markers), lOpl 
of squalane were pipetted on to the surface of the skin sample and further profiles 
acquired every thirty minutes over a 24-hour period using parameter set PI.
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Figure 7.8: Skin with Squalane An initial profile of the skin was acquired (blue 
line with square markers), then lOfil o f squalane were applied to the skin (solid blue 
line) and profiles recorded every 30 minutes after a 24hour period (grey lines). The 
final profile (solid red line) showing the squalane has diffused through the skin.
The squalane can be seen to ingress through the full thickness of the epidermis (see 
Figure 7.8). The initial decrease in width between the first profile of the skin with the 
squalane added on top (the bold blue line) and the next profile (the first grey line) can 
be attributed to the spreading of the oil across the sample, and of course some of the 
oil has ingressed into the skin. This can be deduced from the increase in signal 
through out the width of the sample all the way to the back of the skin, as in the case 
of the glycerine experiment previously discussed in this chapter.
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The reduction of the squalane on the application side (>760pm) is gi*eater than the 
increase in the signal at the bottom of the sample (650pm). The signal is also 
decreasing slightly in height as well. This is likely due to the loss of signal as some of 
the mobile squalane gets trapped between the lipid bilayers within the tissue as stated 
by HauDe^ ah The squalane molecule can easily be manipulated into the shape of a 
cholesterol molecule and as such be allowed to effortlessly pass into these spaces. 
This would make the molecules highly immobile with a very fast T2 decay, not 
contribute to the signal. This ability of the molecule to easily be twisted into a shape 
that is mistakenly recognised as a cholesterol molecule by the skin could also be the 
explanation as to why such a large molecule is allowed to ingress through the skin.
As with the glyceiine discussed before, the position of the squalane front in the skin 
(half maximum), was plotted against the square root of time (see Figure 7.9), from 
which a Fickian ingress mechanism was inferred (Crank, 1975). Again, the Einstein -  
Smoluchowski equation of self-diffusion {see Appendix D for calculations'] was used 
and from the square of the gradient of the plot, the effective transport diffusion 
coefficient is estimated to be of the order of 1.03 xlO'^ ® cm V \ Replicate experiments 
gave a mean and standard deviation of 1.0 ± 0.2 x 10'^ ® cm^s“^ based on four 
measui'ements. Again, as with the previous glycerine experiments, this is no more 
than a general estimate and does not account for probable variation of the diffusion 
coefficient with concentration, nor allow for any possible difference in the diffusivity 
between the stratum corneum and underlying viable epideimis.
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Figure 7.9: Diffusion of Squalane. The displacement o f the squalane front 
measured from the profiles (half maximum) as a function of the square root o f time 
from which a Fickian ingress mechanism is inferred (solid fit to data). The error 
bars indicate the uncertainty in the position o f the squalane front arising from the 
changing maximum intensity.
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As stated before, Squalane is known to give the perception of moisturisation. This is 
likely due to a combination of the slow transport diffusion rate across the skin (Figure 
7.9) which in turn means that the bulk of the material is left on top of the skin giving 
the sensory perception of moisturisation
The result of changing the acquisition parameters to set P2, is shown in Figure 7.10. 
The solid blue line in the figure shows the squalane on top of the skin and the skin 
itself at the start of the experiment, the red line was acquired at the end of the 
experiment (after 24 hours). Between the time of recording the two results, there is a 
decrease in signal intensity, and a shift of the signal over to the left. This, again.
shows the ingress of the Squalane through the skin.
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Figure 7.10: Skin with Squalane Using P2 With parameter set P2 usedy an initial 
profile o f the skin was acquired (blue line with square markers)  ^ then lOul of  
squalane were applied to the skin (solid blue line). The final profile (solid red line) 
showing the squalane has diffused through the skin.
7.5.2 Results -  Squalane on deuterium exchanged skin
The D-skin was prepared in the usual fashion. The sealed slide arrangement was then 
used to prevent the deuterated skin from exchanging hydrogen atoms with the 
surrounding atmosphere, the lOul of squalane were then pippetted on top of the skin 
before sealing it in. An initial profile of the skin was not acquired before addition of 
squalane. The first profile acquired was with the squalane added to the skin using 
parameter set PI then P2. Profiles were recorded with parameter set PI every 30
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minutes over a period of 24 hours, after which a final profile was taken using 
parameter set P2.
The first and final profiles that were recorded with each of the different parameter sets 
PI and P2, can be seen in Figure 7.11. PI profiles are shown as solid lines, with the 
initial profile being the blue coloured line and the final profile, after 24hours, is the 
red line. The P2 profiles have square markers on the lines and again the blue line 
corresponds to the first profile acquired and the red line to the profile acquired after 
24hrs of the experiment running.
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Figure 7.11: Squalane Applied to Deuterium Exchanged Skin. Profiles recorded 
from deuterated skin after the application o f squalane and then 24 hrs later. A (blue 
solid line): with parameters PI just after application; B (red): parameters PI 24hrs 
after application; C (blue triangles): parameters P2 just after application; and D 
(red triangles): parameters P2 24hrs after application.
From the three replicates of this experiment, two had similar results. The third had 
one difference, in that the final profile of the sample using the P2 set was of a greater 
value than the first.
Taking firstly the profiles recorded with PI, the initial profile just after the squalane 
had been applied, has a greater magnetisation signal in the upper layers than the final 
profile, recorded 24hrs later. The signal decreases to two fifths of its original signal 
in these layers but can be seen to increases ever so slightly in the lower layers. The 
loss in signal could be due to exchange of some of the hydrogens in the squalane with 
the deuterium, which complicates interpretation of the results. The small increase in
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the back of the skin is likely the ingress of the squalane into the skin, but this small 
increase cannot account for all of the loss of signal.
Again, using parameter set P2, the first profile is greater than the profile that was 
acquired after the 24hour duration of the experiment, but unHke the profiles recorded 
with PI, there is no increase in the back layers of the skin. The loss of signal in 
previous experiments has been explained as an increase in mobility of the hydiogen 
atoms as the material diffuses into the skin the T2 decreases leading to a loss of signal, 
and the same could be said in this instance.
The results are difficult to conclusively interpret due to the hydrogen exchange that is 
most likely occurring within the skin. It would be more preferable to use a deuterated 
form of squalane and apply this to a hydrated skin sample and a deuterium exchanged 
skin sample as was done previously with the decanol and the glycerine.
7.6 Decanol
From previous studies using Attenuated Total Reflectance Fourier Transformed ftifta 
Red specti'oscopy (ATR-FTIR) it is known that decanol penetrates through the 
stratum corneum but not the viable epidermis (Dias, 2001). Alcohols in general are 
known as peimeation enhancers, widely thought to achieve this by fluidisation of the 
lipids. This has been seen to be connected to the length of their carbon chain, with 
decanol (C-10) foimd to be one of the most effective (Andega et al, 2001, Williams 
and Barry, 2004). Ethanol is widely known to enhance skin permeation by another 
mechanism. It extracts the lipids of the skin.
Paitially hydrated skin samples were used in the following experiments. Profiles 
were recorded with parameter sets PI and P2 at the beginning and end of the 
experiment. 2.5pl of decanol were applied via a pipette to each skin sample.
7.6.1 Results
The application of decanol to a skin sample yields profiles only marginally different
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in appearance to those for mineral oil, figure 7.12 (a). A profile was obtained of the 
skin only (solid blue line), then the decanol was applied via a pipette, without taking 
the sample out of the magnet so the alignment of the sample was unchanged. Within 
30 minutes of applying the decanol the profile attains a constant shape (solid red and 
grey lines). Compared to the mineral oil, there is a small but consistent increase in the 
signal from the lower layers of the skin suggesting that some decanol penetrates this 
far. However subtle changes expected in the signal from the skin are dwarfed by the 
large decanol signal.
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Figure 7.12: Skin with DecanoL Profile of hydrated skin before (blue line); and 10 
(grey triangles); 30 (grey solid) and 90 (red) minutes after the application of 10 jid 
of decanol. The profiles were acquired with parameters (a) PI and (b) P2.
From the P2 set of parameters results in Figure 7.12 (b), the less mobile signal in the 
top layers of the skin is shown. It can be seen that there is a slight increase of signal in 
these layers from the initial (blue line) to the final profile (red line). There is also an 
increase in width of the profiles indicating a slight swell of the layers. Again the 
changes all seem mostly concentrated on the upper layers of the skin rather than the 
lower as was seen from profiles using PI parameters.
7.7 Deuterated Decanol
The use of fully deuterated decanol alleviates the problem of the large decanol signal 
over shadowing any subtle changes within the sample. The specific advantage of
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deuterated decanol (CD3(CD2)9 0 D) is that, with the exception of the terminal OD 
group, hydrogen -  deuterium exchange is not expected to be a significant problem. 
Therefore the decanol remains largely invisible to the profiling experiment.
7.7.1 Results
Figure 7.13 shows profiles recorded fi’om a skin sample to which deuterated decanol 
was applied. Profiles of the skin were recorded before. Figure 7.13 profile A and 30 
minutes after the application, profile B, using parameters PI. The figure clearly shows 
less 'H signal in the stratum corneum region after decanol application and a slight 
increase in the profile width. The increase in width indicates that the decanol has 
swollen the upper layer of the skin. The decrease in signal intensity suggests that 
hydrogen in the skin has been displaced by unseen (deuterated) decanol. The 
deuterated decanol reservoir above the sample is, of course, not seen either.
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Figure 7.13: Deuterated Decanol Applied to Skin. Profiles recorded from skin 
before and after the application o f deuterated decanol. Using parameters Ply profile 
A (blue solid line) was recorded before application; B (red) 30 minutes after 
application. Using parameters P2y profile C (blue triangles) was recorded before 
application; and D (red squares) 70 minutes after application.
Profiles were also recorded with parameter set P2. Profile C was recorded before and 
profile D approximately 70 minutes after the decanol application. The fractional 
change in signal intensity between C and D is much greater between A and B 
although the absolute signal intensities are substantially less. A comparison of profiles 
A and C, the two profiles recorded before the decanol was applied, reveals that A is
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wider than C. Although signal intensity has been lost from both the stratum corneum 
and viable epideimis in profile C, it has been lost preferentially from the lower layer. 
When profile C is compared to D, yet more signal intensity is lost from the stratum 
corneum.
As with the skin hydration studies described in Chapter 6, the differences arise from a 
complex inter-play of Ti and T2 nuclear-spin relaxation and self-diffiision attenuation 
of the signal in the gradient. The longer pulse gap of set P2 (tau = SOOps) normally 
acts as a stop-filter for less mobile which generally has a shorter nuclear spin-spin 
relaxation time T2 . However, in a strong field gradient such as GARField, fast 
molecular self-diffusion will also attenuate the signal fiom mobile components 
(Callaghan, 1991). Moreover, the finite repetition delay (rd = 250ms) of the 
experiment leads to additional attenuation of the acquired signal when it is 
comparable to the nuclear T2 time (Callaghan, 1991).
Profiles A and C effectively repeat the hydration experiments firom chapter 6. They 
show that there is greater molecular mobility in the viable epidermis than in the 
stratum corneum. Mobility is associated with faster diffusion a n d / o r a  longer Ti that 
reduce the signal intensity. The change in diffusion and / or Ti outweighs any 
associated increase in the spin-spin relaxation time, T2, which would increase the 
signal at finite echo time.
Given the increased fi-actional change between C and D compared to A and B, the 
logical extension of the argument is that the application of (deuterated) decanol 
enhances the mobility of the in the stratum corneum. That is, increased molecular 
mobility of the stratum corneum is seen as a result of applying decanol. As decanol is 
a known skin penetration enhancer, the effect seen is most likely to be the fluidisation 
of the lipids within the stratum corneum. Therefore the changes in mobility in this 
experiment are attributed to changes in the state of the lipids in the stratum corneum 
as distinct fi-om changes in skin hydiation.
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The alternate scenario, in which mobility decreases resulting in reduced T2 and 
hence less signal at the expense of diffusion does not seem plausible.
7.7.2 Tg Echo Decay Of Profile
As with previous experiments (see Chapter 6), to ftirther clarify the effects of the 
decanol on the skin it was necessary to further analyse two contrasting points on the 
profile recorded with different parameters. The T^  echo decay of a point on the 
viable epidermal side of the skin and a point on the stratum corneum were plotted for 
each profile in Figure 7.13 in the preceding section.
The echo decays from the viable epidermis (point taken at 929pm) and stratum 
corneum (point taken at 973pm) of the first profile recorded with parameters PI, are 
shown in figure 7.14 (a) and (b) respectively. The echo decay of the second profile, 
viable epidermis and stratum corneum can be seen in figure 7.14 (c) and (d) 
respectively.
As before in Chapter 6, to investigate further the mobility the T  ^ decay of the 
echoes of a single point in the stratum corneum area and in the epidermal area was 
plotted. The following data analysis of the decay of signal of the points have been fit 
to a two component -  exponential curve {M(r)=M^ *exp(-t/T*'^)+Mg *exp(-t/T*^)) 
[see Appendix 5].
The echo decays of the PI first profile are very similar to each other. This was 
expected as there is not much difference observed between the points in Figiue 7.13, 
where the shape of the original profile is rather symmetrical. There is no difference 
when comparing the two epidermal decay points. This is in accordance with the 
decanol not ingressing this far into the skin. For the PI-second profile, the decay of 
the stratum corneum point (see figure 7.14 (d)) can be seen to be slightly faster than 
that of the second profile (see figure 7.14 (c)). This could be an indication of a
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change of mobility of the atoms in the stratum corneum, brought about by the 
application of the decanol.
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FIGURE 7,14: Echo decays of D-Decanol Profiles Acquired Using
Parameters PI. The echo decay o f (a) the viable epidermis and (b) the stratum 
corneum from the initial profile. And the echo decay from (c) the viable epidermis 
and (d) the stratum corneum from the second profile. In each of the figures, the 
blue square markers are representative o f the echo values and the calculated 
exponential decay fit corresponds to the solid red line.
This change in mobility can be more easily observed in the decay curves of the points 
taken from the P2 profiles. The decay of the second profile stratum corneum point 
(see figure 7.15 (d)) is undoubtedly faster than that of the first profile (see figure 7.15 
(b)). This is further confirmation that a change of *H mobility takes place within the 
stratum corneum after the application of D-decanol. Again, there is no difference in
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the echo decay from the epidermal points in figure 7.15 (a) the initial profile and (c) 
the profile recorded after the decanol application.
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FIGURE 7.15: Echo decays of D-Decanol Profiles Acquired Using
Parameters P2. The echo decay o f (a) the viable epidermis and (b) the stratum 
corneum from the initial profile. And the echo decay from (c) the viable epidermis 
and (d) the stratum corneum from the second profile. In each o f the figures^ the 
blue square markers are representative of the echo values and the calculated 
exponential decay fit corresponds to the solid red line.
As with the results discussed in chapter 6, it is useful to inspect the and 
magnetisation values obtained from the aforementioned two component fit. These 
values are presented in Table 7.1 parameter set PI (tau of 150ps) and Table 7.2 for 
parameter set P2 (tau of 150|is).
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Table 7.1: Values for Components using PI settings. The decay o f a single
point in the viable epidermis and another in the stratum corneum was fit to a two 
component -  exponential curve (M(r)=Mg ' e^xpf-t/T '^^  )^M^ *exp(-t/Ty^ )).
Tau 150jus Tau 150fis 
(after 80 mins 
Profile)
Viable Stratum Viable Stratum
Epidermis Corneum Epidermis Corneum
M ^  (long) 18000 16000 14000 20000
r /  (long) 3.5 ms 4.9 ms 4.7 ms 3.8 ms
M ^  (short) 12000 7600 10000 15000
7 /  (short) 0.31 ms 0.47 ms 0.73 ms 0.18 ms
% long 60% 68% 58% 57%
component
( M ^ )
% short 40% 32% 42% 43%
component
( M f )
MxotzX ~ 30000 24000 24000 35000
Miong
Mshort
For the first profile recorded in Table 7.1 the values for 7,*^  and 7/* are marginally
greater for the stratum corneum (7/'^ = 4.9 ms and 7/* = 0.47 ms) than for the
viable epidermis( 7/^  ^ = 3.5 ms and 7/^ = 0.31 ms). The percentage of the long
magnetisation component ( M ^  ) is slightly higher in the stratum corneum (68%) than
in the viable epidermis (60%). The percentage of the shorter magnetisation
component ( M ^  ) is slightly smaller in the stratum corneum (32%) than in the viable
epidermis (40%). The overall magnetisation component is greater within the viable 
epidermis than in the stratum corneum.
The values recorded in Table 7.1 for the second profile recorded after the decanol 
application, show that the values and T*^ are now both greater in the viable 
epidermis (7V^ = 4.7 ms and 7/^ = 0.73 ms). Whereas the values of these 
components in the stratum corneum (7/"^ = 3.8 ms and 7/* =0.18 ms) have
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decreased. The percentage of M ^  is now of a slightly lower value than those
recorded before the decanol was applied but almost equal for both of the skin layers. 
The value within the stratum corneum has decreased to 57% but the value for the 
viable epidermal layers has decreased by just 2% to be 58%. The percentage of M ^
is also almost equal in both layers as there is an increase in the value within the 
stratum corneum to 43% and a slight increase in the viable epidermis to 42%.
When comparing the values from the first profile to the second, it would seem from 
the results in this table that the greatest change comes from the stratum corneum, 
there is very little change within the viable epidermis.
Table 7.2: T* Values for Components using P2 settings. The decay o f a single 
point in the viable epidermis and another in the stratum corneum was fit to a two 
component -  exponential curve (M(r)=M^ *exp(-t/T^^ )+ M^ *exp(-t/T^^ )),
Tau 500/IS 
( r  Profile)
Tau 500/is 
(after 80 mins 
Profile)
Viable Stratum Viable Stratum
Epidermis Corneum Epidermis Corneum
Mg (long) 20000 8900 18000 26000
t : /  (long) 14 ms 42 ms 95 ms 77ms
Mg (short) 1200 2000 590 650
7 /  (short) 0.63 ms 1.2 ms 0.67 ms 0.6 ms
% long 94% 82% 97% 98%
component
% short 6% 18% 3% 2%
component
( M f )
M o ta l  = 21200 10900 18590 26650
M jong
M short
Different effects can be seen in Table 7.2, where the T  ^ component values using the 
P2 parameter set (tau of 500ps) are shown. For the first profile acquired, the values 
for and 7/^ are much greater for the stratum corneum ( 7/'^ = 42 ms and 7,*^  
= 1.2 ms) than for the viable epidermis (7,*^ =14 ms and 7/=0.63 ms). The
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percentage of the long magnetisation component { Mf )  is lower in the stratum 
corneum (82%) than in the viable epidermis (94%). The percentage of the shorter 
magnetisation component {Mg ) is higher in the stratum corneum (18%) than in the
viable epidermis (6%). The overall magnetisation component is greater within the 
viable epidermis, where it is almost double, than in the stratum corneum. This was 
also the case as before in Table 7.1.
For the second profile acquired, the T*"^  component values have changed to become a 
lot greater in the viable epideimis than the stratum corneum. The 7/^ value in the 
viable epidermis has increased to 95 ms, whereas the value for the stratum corneum, 
although the value has increased to 77 ms, this value is lower than that recorded for 
the viable epideimis. The 7/'® component within the epideimis ( 7/^ =0.67 ms) has 
stayed similar to before the application of the decanol, but in the stratum corneum this 
value has decreased to half its original value, becoming 0.6 ms. The percentage of 
Mg for the viable epidermis is again similar to that of the fh'st profile, increasing by 
only 3%. For the stratum corneum the value of this component has increased to 98% 
of the signal. The percentage of Mg has also changed little for the viable epidennis,
decreasing in accordance with the long component result by 3%. For the stratum 
corneum this value has decreased to just 2%.
When comparing tlie values from the first profile to the second, it is more conclusive 
than the results from Table 7.1 that the greater changes come from the stratum 
corneum signal. With an increase in the long magnetisation component and the long 
T*'  ^ component in conjunction with the decrease in the short components 7/^ and 
Mg , would imply that the application of decanol to the skin enhances the mobility of
the molecules within the epideimal layers. The results in table 7.2 also confiim that 
there is very little change within the viable epidermis.
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7.8 Discussion/ Conclusion
The experiments that have been shown in this chapter prove that is it possible to 
follow the ingress of model skin care product ingredients, such as mineral oil, 
glycerine and squalane, into human skin in vitro using the GARField magnet. It has 
also been possible to record a change in mobility of molecules within the skin in 
response to some of the materials being applied. Along with the use of an H-product 
on H-skin being shown to be interesting for diffusion purposes.
Mineral oil was shown not to ingress much into the skin past the first few layers, and 
lay on the surface of the skin as anticipated. This proved useful when assessing how 
far other materials such as the decanol (which didn’t diffuse all the way tlrrough) 
ingressed into the skin.
Glycerine was found to diffuse through the stratum corneum and viable epidermis. In 
addition it has been possible to monitor the rate of uptake of glycerine and to calculate 
the effective transport diffusion coefficient of 1.21x10'^ cm^s"\ Likewise with the 
squalane when it was applied to the skin. Comparison of the rates suggest that 
glycerine is more readily diffused through the skin than the squalane. H-glycerine into 
D-skin qualitatively showed the ingress in to the skin well.
Squalane was shown to diffuse slowly tlrrough the skin with a transport diffusion 
coefficient of 1 xlO'^ ® cm^s'  ^but with the bulk of the material staying on the surface 
of the skin possibly the reason why it gives the perception of moisturisation. hr 
comparison to the Glycerin, which was more viscous in appearance, the squalane 
ingi'ession into the skin was slower, approximately one order of magnitude lower than 
that for the glycerine. More information could possibly be fouird by using 
perdeuterated squalane as the experiments using deuterium-exchanged skin were 
greatly complicated by the and exchange that was taking place with in the 
sample and material providing fluctuating results.
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In the case of decanol it has been possible to deduce changes in molecular mobility. 
The changes in mobility have been attributed to changes in the state of the lipids in 
the stratum corneum as distinct from changes in skin hydration. As decanol is a 
known skin penetration enhancer, this is most like the effect seen and would prove 
that the reason for this increased enhancement is due to the fluidisation of the lipids 
state. This could mem the experiment visualises changes in skin-moistuiisation as 
opposed to skin-hydration, but further experiments would need to be done with 
materials known to increase skin moisturisation to verify this.
The majority of these results have been published (Backhouse et al, 2004).
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CHAPTERS
IN  VIVO EXPERIMENTS
8.1 Introduction
Although the in vitro experiments have yielded some interesting and useful results, it 
is most desirable to be able to have an in vivo system that could be used to do similar 
experimentations and assessments of formulations, with the benefits of being a non- 
invasive way to assess skin hydration. For all of the following experiments in this 
chapter the full set of pai'ameters are detailed in Chapter 4, but it should be noted that 
only one set were used for all the experiments of which the tau value was 150ps.
8.2 Reproducibility
The arm of the volunteer was placed inside the magnet. No prior preparation of the 
skin had been done for these experiments. In the first instance the arm was kept 
inside the magnet continuously while 3 profiles were recorded, one after the other. In 
the second, the ann was taken out between profiles and placed back in the same 
position according to markings on the arm.
8.2.1 Results
In Figure 8.1 the two smaller signals, from between ~800-~1000iun, correspond to the 
marker tapes above the coil. The larger peak at ~700um originates from the surface 
of the subjects skin, the stratum corneum. Although the parameters used here are 
similar to parameters PI used in previous experiments, it is the stratum corneum that 
is preferentially seen here. After the peak signal from the stratum corneum, the signal 
then decreases rapidly as the water is more mobile in the deeper tissue and so cannot 
be seen. The signal tails off towards the left hand side as the coil reaches its limits of 
what it can receive information on at the set parameters (see Chapter 4 for details of 
parameters).
144
Chapter 8 - I n  Vivo Experiments
In the first experiment, shown in Figure 8.1 (a), the profiles were acquired with the 
arm over the coil continuously. This included the time between acquisitions. The 
reproducibility is of the signal and shape of the profiles is very good, but when the 
arm is removed from the probe between profiles, the reproducibility is not as good 
(fig 8.1(b)). In fact the peak intensity of the signal from the stratum corneum profiles 
varies from profile to profile when the arm is removed from the probe. The marker 
tapes are also seen to shift position which indicates the alignment might be lost when 
the arm is removed from the probe.
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Figure 8.1: In Vivo Reproducibility of Profiling Technique. Profiles taken with (a) 
arm left in the probe during profiling continuously and (b) arm removed from the 
probe between profiles. Blue line for the f* profile  ^grey for the second and red for 
the final profile.
These results showed conclusively that the profiles acquired were reliable and 
reasonably reproducible, especially if the arm was kept continuously in the probe for 
the duration of the experiment.
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8.3 Different Anatomical Sites
Due to the design of the magnet it is theoretically possible to profile anywhere on 
extremities of the body. Limitations occur because of the low height of the magnets 
cunent situation i.e. floor level and also the comfort of the volunteer for the duration 
of the experiment. The narrowness of the pole pieces is again limiting as to what 
could be put into the magnet. Nonetheless, it was possible to profile the side of the 
arm and the hand of the same aim. hi order to investigate any differences in signal 
due to different body sites both hand and aim were profiled. Profiles were recorded 
continuously without taking the limb out of the magnet between profiles, with the 
same parameter set as before. The experiment was done in duplicate.
8.3.1 Results
The male volunteer first placed his aim inside the magnet with the side of his arm on 
the coil. Thiee profiles were recorded immediately after each other, without the arm 
being removed firom within the magnet. These profiles can be seen in Figure 8.2 (a) 
where the blue line coiresponds to the first profile recorded, the intermediate profile, 
the grey line and the final profile being the red line. Each profile took approximately 8 
minutes, the experiment took approximately 25 minutes in total. Figure 8.2 (b) shows 
thi'ee profiles of the side of the left hand. As before, the blue line corresponds to the 
first profile recorded, the intermediate profile is shown by the grey line and the final 
profile being the red line.
In the profiles the signal from the marker tape is in the same position throughout the 
experiment, although the position has changed slightly from when the arm (Fig 8.2 a) 
was on than when the hand was on (Fig.8.2(b)). This was probably due to the arm 
being heavier and exerting more force onto the arm rest.
Although the reproducibility of the arm is seen to be more reliable with all the profiles 
overlapping each other and being more or less constant in magnetisation, it is 
interesting to note the difference in width of the signal from the different limb sites.
For the arm there is a large narrow peak of -20pm, whereas for the hand this peak is
wider (-70pm). Greater than three times the thickness of the stratum corneum on the
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arm. Since it has been established that this peak originates from the stratum corneum, 
the increase in width would then be due to a greater thickness of the stratum corneum. 
This is reasonable as it is well known that the stratum corneum is thicker in the 
palmer and planter regions (Stalheim-Smith and Fitch, 1992),
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Figure 8.2: Arm and Hand profiles. The (a) arm, better reproducibility (b) hand 
profile, wider than arm, stratum corneum on this site is known to be thicker which 
would account for the difference in width between the 2 sites
8.4 Glycerine Ingress
It was of interest to investigate the possibility of visualising glycerine ingression into 
the skin in vivo, as its effects when applied to the skin in vitro (documented in 
Chapter 7) were clear and relatively simple to understand. Glycerine is a widely used 
ingredient in many skin care products which is why it is of interest (discussed in fuller 
details in Chapter 3).
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The first part of the investigation was to ensure a signal from the glycerine only could 
be detected. The second part was to see if there was any effect to the signal from the 
skin over time after glycerine had been applied.
8.4.1 Glycerine
A large drop of glycerine was placed on top of the glass slide over the coil and a 
profile recorded. The signal from the glycerine was then compared to the signal from 
the skin. The solid blue profile shown in Figure 8.3 corresponds to the blank, where 
the marker tape can be seen. The red line corresponds to the glycerine. From the 
previous experiments it was found that the intensity of the signal from the skin is of 
about 10-12,000a.u.. The intensity of the signal from the glycerine is much lower 
than that of the skin (~2,500a.u.), 4 to 5 times smaller. This is due to the 'H within 
the material being more mobile than the in the stratum corneum which is 
preferentially seen with the parameters which were used, and this further clarifies that 
fact. In both cases, the signal has a jagged appearance due to noise being picked up 
from the surroimding laboratory despite the attempts to shield the apparatus with 
copper sheets.
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Figure 8.3 Glycerine only: a profile o f the marker tape only (blue line) before the 
addition o f glycerine to the slide on top o f the coil (red line).
8.4.2 Glycerine Ingress In Vivo
Glycerine was applied liberally to the side of the arm, and three consecutive profiles 
were recorded. The volunteer was then allowed a 30 minute respite period during
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which he walked around but did not cover his arm or further rub the glycerine into the 
skin. After this rest period the arm was placed back onto the magnet, attempting to 
put it back in the same position as the first set of profiles and three further profiles 
were recorded. The experiment was repeated on a consecutive day. The first day of 
the experiment (Day 1) is shown in Figure 8.4 (a & b), and the second day (day 2) in 
Figure 8.5 (a & b).
For Day 1, figure 8.4 (a), the profile of the skin just after the addition of glycerine is 
shown as a blue line with diamond markers, the intermediate profile is a grey line and 
the final profile the red line. The same colour system is used for the profiles recorded 
after the thirty minute rest period, figure 8.4 (b) the blue solid line for the first profile, 
a grey line for the intermediate profile and red for the final profile.
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Figure 8.4: In Vivo Glycerine Applied to Skin - Day 1 experiments (a) profiles of  
the arm just after the glycerine is applied (b) profiles recorded after 30 minute rest 
period (approximately 55 minutes after glycerine application.
The results from day 1 show the initial skin profile (fig 8.4 (a)) as having the greatest 
signal intensity and the peak decreasing in intensity over time as the subsequent 
profiles are recorded after having the glycerine applied to the skin. The decrease is 
likely due to the ingress of the glycerine into the skin and attracting more water into 
these upper layers and hence a decrease in signal over time as there becomes more 
mobile hydrogens in the stratum corneum and so a faster signal that cannot be seen 
using these parameters.
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By the time the profiles in figure 8.4 (b) are recorded the glycerine has further 
ingressed and as a result the peak that has been a constant feature, disappears 
completely in the final two profiles. What can also be seen is the increase in signal 
between the intermediate profile (grey line) and the final profile (red line). It would 
seem that a limit is reached and then the skin begins to return to its original hydration 
state after a time.
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Figure 8.5: In Vivo Glycerine Applied to Skin - Day 2 experiments (a) profiles of  
the arm just after the glycerine is applied (b) profiles recorded after 30 minute rest 
period (approximately 55 minutes after glycerine application.
The results from the Day 2 experiments (figure 8.5) were slightly different, in that the 
profiles recorded after the application of the glycerine (figure 8.5 (a)) did not decrease 
in signal intensity, but the signal appears to be constant over time. The next set of 
profiles shown in Figure 8.5 (b), were recorded after the 30 minute interval. It is in 
this set of profiles that a decrease between profile intensities can be observed as an 
effect of the glycerine ingressing into the skin, similar to the effect seen in the Day 1 
experiment.
As explained previously in Chapters 6 and 7, the increase in mobility in 
conventional MR imaging would result in an increase in signal, whereas with 
GARField, the opposite can be true. Due to the presence of a large gradient and 
dependant on the acquisition parameters, the greater the mobility of the the greater 
the diffusion will be and so the T]* decreases which in turn results in a decrease of the 
integrated signal that is acquired. These in vivo glycerine experiments show similar 
results to those in the aforementioned chapters, the only difference being that in this
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chapter the decrease of the signal caused by the increase in is visualised using the 
shorter tau (150ps instead of 500ps).
The delay in seeing the results of the glycerine ingress into the skin in the results from 
Day 2 could be due to environmental factors as it was noted that the temperature and 
the humidity had greatly increased from the first to the second day.
8.5 Discussion
A flaw in this system with the arm rest that was built and used, was the lack of 
variable adjusting parts and support on the far side of the rest where the hand lies over 
the coil.
8.5.1 Stability of Probe
The issue of support was brought to attention after a profile was taken with nothing on 
the coil but the marker tapes. Evidence for this can be seen in Figure 8.6, the red 
solid line is the profile of the tapes only, spanning from -730- 1100pm. Then a 
second profile was recorded immediately after of the side of the arm when it was 
placed over the coil, this is shown in Figure 8.6 by the blue solid line.
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Figure 8.6: Movement of Marker Tape Due to Weight. A profile without 
anything on top o f the coil apart from the marker tape was recorded (red line)y 
immediately afterwards a profile o f the side o f an arm was recorded (blue line), but 
the marker tapes* signal is diminished and shifted down the axis (dotted arrow 
shows new position o f f* marker tape).
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The blue solid line in figure 8.6 shows a peak at -750 pm, on the right hand side of 
which is a flattened edge. As the arm is lying on top of a glass cover slip, the signal 
from the stratum corneum would be seen to be fiat against the slide, before the signal 
from the marker tapes. In this profile the tapes are not as well defined and are shifted 
down the axis to -830 pm. The majority of the signal for the second tape has 
disappeared from this profile. The reason for this shift is the weight of the arm on top 
of the coil pushing it downwards in the magnetic field and so no signal from the tapes 
could really be seen, as the 'H atoms would not be precessing within the frequency set 
by the parameters. This was a cause for concern as the tapes were to be used to 
ensure the alignment and positioning of the arm as with the tape in the previous in 
vitro experiments done on the smaller GARField magnet. Without a constant marker 
it would have been difficult to distinguish if the effects seen in the skin were real or 
an artefact brought about by movement or heat for example.
A short piece of wood was inserted underneath the coil (see Figure 8.7) to steady the 
arm rest and avoid this problem. It was quite successful but there was still a small 
movement of just a few micrometers due to compression of the wood. For future 
studies this should be taken into consideration and a new design with greater stability 
should be thought of.
■ z■ w■ QOO
Figure 8.7: Arm Rest With Stabilising Insert. A piece o f wood was inserted 
underneath the coil on the plastic rod to ensure the stability o f the probe so that it 
wouldn *t bend when a limb was placed on top o f the coil for profiling.
8.5.2 Height Adjustment of Arm On Probe
With the perspex rod now stabilised using the piece of wood, there was another, 
minor, problem of how to adjust the height of the probe to the correct place within the 
gradient of the magnets so that the edge of the sample could be seen and the marker 
tapes. In Figure 8.8 is an example of a profile that was recorded after the wood had 
been inserted under the coil as a stabiliser, shown by the red line. The profile has no
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sharp edge or peak that has been a feature of the skin profiles. There is hardly any 
trace of a signal from the marker tape to the far right side of the graph.
This was rectified by increasing the height of the arm to compensate for the bend in 
the rod of the arm support so that the arm was in the correct gradient value to be seen 
by the frequency that the coil was set for. This could not be achieved by increasing or 
decreasing the height of the coil manually as it was built as a static rest with no 
provisions of being able to adjust it slightly in the horizontal plane. Therefore to 
increase the height of the arm an arrangement of two to three glass slides (dependant 
on the subject and the downward force exerted on coil when arm placed inside 
magnet) were inserted underneath the marker tapes. Thus increasing the height by 
-2-300pm (1 slide 0100pm). The effect of this action is shown by the blue line in Fig 
8.8. The flat edge and strong peak of the stratum corneum against the upper glass 
slide above the marker tapes can be seen between points 540-560pm on the 
positioning scale. Along with the two distinct peaks of the marker tapes at points 
600-640pm and 680-730pm, this would conclude that the signal now being acquired 
is from the surface of the arm whereas before the signal would most likely be coming 
from deeper skin layers, in the sub cutaneous layers.
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Figure 8.8: Profile Positioning Correction After Stabilisation of Probe. Profile o f  
an arm recorded after stabilisation o f the probe (red line) showed no sharp peak 
intensity or the marker tapes. By inserting 2 or 3 glass slides between the coil and 
the marker tape arrangement this situation could be rectified to show the familiar 
profile o f the skin with a fiat surface on top o f the glass slide above the marker tape 
arrangement and the maker tapes themselves in view (blue line).
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8.6 Conclusions
In this chapter the goal of being able to profile skin in vivo was successfully achieved, 
with the added advantage of being able to clearly distinguish the stratum corneum in 
the profile, represented as a peak signal with a flat edge on one side due to its being 
flattened onto a glass slide. The opposite side of the signal drops off in intensity due 
to the more mobile molecules in the epidermis and the subcutaneous tissue and 
therefore having a longer T2 time than the less mobile water within the upper layers of 
the skin surface and not being seen because of the short tau and repetition delay that is 
used in the pulse sequence in these experiments.
The difference in tliickness of the stratum corneum between different biological sites 
was convincingly profiled using this technique. The thickness of the arm stratum 
corneum being 3.5 times thinner than that of the palmer stratum corneum. This is in 
line with conventional knowledge of the histology of the skin at different biological 
sites on the body.
It was also possible to evaluate the effects fiom the application of glycerine to the 
skin although further experiments are required to verify what is being seen is a real 
occurrence and not artefacts. It can be concluded that there is an increase in mobility 
of the molecules at the skin surface, which would be due to the glycerine’s humectant 
properties di'awing water up into the upper layers of the skin.
It is likely that there is an occlusive effect that needs addressing when doing further 
experimentation using this apparatus. As for the afore mentioned experiments 
throughout this chapter the surface of the skin is pressed against a glass slide to ensure 
the flatness of the profiled site. This in itself could lead to an increase in water in the 
upper layers of the skin as the natural TEWL of the skin would not be allowed to 
disperse into the atmosphere but kept at the surface trapped between the glass slide 
and the skin (this would be perhaps be more of a problem depending on 
environmental factors, as in hot humid weather this could be more of a problem than 
in a colder, less humid atmosphere).
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Further experiments could start by simply looking at the difference in signals obtained 
from the same anatomical site but from different individuals to ascertain any diversity 
of signal as a measurement of bio-variability between different people. It could be 
possible to distinguish between dry skin and moisturised by the intensity of the peak 
signal that has been assigned to the stratum corneum layers. Then adding into the 
equation the addition of different skin care materials and tracking their effect.
Experiments were carried out on another individual but due to the whole magnet and 
arm rest were moved they are not documented here due to the poor quality of the data. 
It appears that the alignment of the probe was lost and so the profiles and the edge of 
the skin are not well defined (see Figure 8.9).
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Figure 8.9:Profile from Volunteer 2. Data taken from a second volunteery most of  
which was unreliable due to a loss o f alignment o f the skin site with the coil, the flat 
edge of the skin is not as well defined. This could not be fixed due to a design flaw 
in the arm rest making it impossible to realign due to the rigidity o f the probe 
attached to the arm rest.
Further experiments will require a new and improved arm rest design to ensure 
stability of the probe. Another feature which should be incorporated into any new 
design would be an adjustable probe to enable correction of sample alignment with 
the coil within the gradient. This would ensure the correct depth is being profiled. In 
addition a comfortable restraint could be considered to immobilise the limb and 
reduce the probability of motion artefacts occurring and affecting the quality of the 
acquired profiles.
155
Chapter 8 —  In Vivo Experiments
Reference:
Stalheim-Smith A., Fitch G.K., Understanding Human Anatomy And Physiology. 
West Publishing Company, USA, 1993.
156
Chapter 9  -  Overall Conclusion and Future Work
CHAPTER 9
OVERALL CONCLUSION AND FUTURE WORK
9.1 Overall Conclusion
The in vitro studies completed using GARField I, have shown that Garfield Magnetic 
resonance profiling can be successfully used to evaluate the skin water content 
(chapter 5). The effects of skin dehydration due to a change in the relative humidity of 
the environment can also be recorded over time (chapter 5). It has been proved 
possible, in chapter 6, to distinguish two different mobility areas within the skin 
sample, corresponding to the stratum corneum and the viable epidermis.
It has been shown (chapter 7) that the ingress of model skin caie materials can be 
observed over time using this MR technique. Both their depth of penetration and their 
effect on the mobility of the molecules within the skin can be ascertain. It was 
also possible to extract from the data a diffusion co-efficient to compare the rate of 
diffusing materials with one another: glycerine (1.2 xlO^ cm^s'^) and squalane (1 xlO"
The in vivo experiments completed using GARField H showed that this larger magnet 
has similar capabilities to the GARField I model. GARField II can also provide 
similar results for in vivo studies as the smaller magnet can for the in vitro studies. 
The stratum corneum can clearly be seen in the profiles and therefore it is easy to 
track any changes that occur to this layer following an application of a cosmetic 
material.
9.2 Future Work
There are two clear paths for this type of MR work in the future. The first is more 
extensive studies of the ingression type detailed in chapter 7 using a wider variety of 
ingredients. Ideally, both the hydrated form and the deuterated form of the ingredient 
would be obtained in order to have a fuller picture of the effect of the mobilisation of
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the hydrogen within the skin. The second is to study the effects of these skin care 
ingredients in vivo with GARField II. In this instance there are a considerable number 
of variables that can also be investigated for each ingredient. For example differences 
between the ingress into skin which has been bathed and skin which has not maybe 
studied. The effect of the ambient temperature or RH on the ingress into the skin, or 
the effect of rubbing the skin and increasing the blood flow to the upper layers of the 
skin may also be investigated. This list is not exhaustive as there are many more areas 
besides ingredient ingression which could be studied. These studies e.g. the 
difference between male and female profiles or between young and old profiles would 
provide further exciting and valuable information for not only cosmetics but also drug 
delivery systems.
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Consent form
GARField Magnetic Resonance Imaging of In Vivo Human Skin
Hydration
1 I wish to paiticipate in the study “GARField MRI of In Vivo Human Skin 
Hydration” at the University of Surrey.
2 I confirm that I am volunteering fi*eely and that I have not felt under any 
pressure or obligation to participate.
3 I have read and understood the aims and objectives of the study as set out 
in the information for volunteers accompanying this form.
4 Safety issues associated with MR magnets have been explained to me.
5 I have had the opportunity to ask and have had answered such additional 
questions as I wish.
6 I agree to comply with instruction given to me during the study and to co­
operate fully with the investigators.
7 I am generally healthy and to the best of my knowledge have no skin 
complaints / allergies or the like which might affect the study or prohibit 
my use of cosmetics in “normal quantities”.
8 I have no medical implants (such as magnetic pins / heart pace maker).
9 I am male.
10 I understand that I may withdmw from the study at any time.
11 I understand that all personal data relating to volunteers is held and 
processed in the strictest confidence and in accordance with the Data 
Protection Act (1988).
12 I understand that the results of the study may be published but that my 
personal details will be kept confidential.
13 I understand that the University does not offer payment or other reward to 
volunteers in this study.
Full name of volimteer Full name of witness
Date Date
Signed Signed
Contact address Contact address
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As shown in Chapter 4, section 4.2.2, the sample profiles begin as raw echoes (figure 
4.9) and ordinarily each echo is put through a Fourier transformation, with the 
resultant profiles co-added to make up the end profile. This increases the signal to 
noise ratio. To ascertain the T  ^ values of the component(s) that contribute to the 
signal, the individual profiles before they are co-added have to be used. The decay of 
a single point on the profile can be tracked and plotted (figure A). The profile derived 
from each echo decreases in size, in accordance with the decrease in the echo signal 
which occurs due to the Tj relaxation of the hydrogen nuclei within the sample. For 
the samples recorded in this thesis a point from the epidermis side of the profile is 
analysed along with a point from the stratum corneum side of the profile. If there is 
only one part to the signal a one component exponential fit of:
M(r)=Mg *exp(-t/T2 )
where M(r) is the magnitude of the signal from the chosen point on the profile. This is 
composed of the initial magnitude (M^ ) of the signal at that chosen position, and the
exponential decay of the signal over time (r) that is caused by the T^  relaxation. As 
in the case of the experiments in this thesis, a two component fit was found to be the 
best fit for the data, showing a long and a short component that contribute to the 
signal. The formula for a two component fit becomes:
M(r)=M^ *exp(-t/T;'^)+M; *exp(-t/T;^)
where and qtq representative of the long components of the signal, for 
example the fi*ee water, and M f  and representative of the short components of 
the signal, an example being that of the bound water.
An example of the echoes and their resultant decay curve from a two component fit is 
shown in figure A(i)and (ii). hi fig A(i) is shown 16 raw echoes which make up the 
point on the profile. After normalisation of the peak values fi*om the echoes, they are 
plotted using the two component fit formula as previously presented. The resultant
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plot against time 2 (tau) can be seen in fig. A (ii) where there are 16 blue square 
points which correspond to the 16 echoes in (i). From this last figure it is easier to 
evaluate the T,* decay of the point, and of course useful information can be found 
from the fit parameters that are used to plot this graph.
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Figure A: Plotting the decay of a single point taken from the Profile, (i) the 16 
raw echoes which make up the point on the profile are taken and after 
normalisation the peak values are plotted using the two component fit formula of 
M(r)=Mg *exp(-t/T2 '* )+ M g *exp(-t/T2  ^). The result of which can be seen in (ii) 
where there are 16 blue square points that correspond to the 16 echoes in (i).
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In NMR the nuclei that the resonance signal comes from are usually in a liquid state. 
Molecules in a liquid are known to have a translational quality known as self- 
diffusion. The Brownian motion of the molecules brings this about. Brownian 
motion, was named after the Scottish botanist who first reported seeing particles in 
water constantly moving in a random like fashion in 1827. This report gave rise to 
the Einstein -  Smoluchowski equation of self-diffusion:
D=—  (3.34)2t
when used for a one dimensional image, D is the diffusion coefficient (m^s'^), s is the 
root mean square displacement (m^); t is time (s) (Atkins, 1998). It should be noted 
here that no diffusion anisotropy, effects of restricted diffusion or distribution of the 
diffusion coefficients are taken into account with this equation. This is true for both 
the results of the calculated glycerine diffusion coefficient and the squalane diffusion 
coefficient [Appendix C].
Glycerine insress calculations
Skin Number Gradient Average Gradient Standard Deviation
113 3.7 2.7 0.68
114 2.1
116 2.5
118 2.5
Gradient = 2.7 minX
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2
Diffusion coefficient = (2.7)^
0.12161 =7.3 —
mm
2
mm
27.3 um
60 s
7.3E -8  cm^ 
60 s
1.21E-9 —
= 1.21E-9 cmV^
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Reader is referred to Appendix C for full explanation of Einstein -  Smoluchowski 
equation of self-diffusion which are used in the following calculations.
Squalane ingress calculations
Skin Number Gradient Average Gradient Standard Deviation
194 0.53 0.79 0.2
195 0.81
196 0.81
197 0.99
Gradient = 0.79 umminX
Diffusion coefficient = (0.79)2 um‘mm
= 0.62 ummm
0.62 um'
60 s
0.62E-8 cm^
60
=1.03E-10 cm
1.03E-10cmV
